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Summary 

P A R T  I. F U N D A M E N T A L  PROGRAMS 

1. Crystal  Physics 

The internal centrifugal zone-growth (ICZG) tech- 
nique we developed t o  grow crys ta l s  of UO, w a s  
improved. In the U0,-tungsten cermet, both rod 
and lamellar eu tec t ic  s t ruc tures  resulted from the  
unidirectional solidification inherent in ICZG tech- 
nique. Molten-salt growth of 2-mm T h o ,  s ing le  
c rys ta l s  doped with 244Cm was  accomplished; 
electron-spin resonance and optical-spectra s t u d i e s  
a re  in progress. Hydrothermally, YOOH (up t o  2 
mm) was  grown from LiOH solvent and doped with 
various ~n~ + ions.  Crys ta l s  of iron ( ' ~ i )  ferrite 
and other fe r r i tes  up to 1 cm in diameter and 8 cm 
long were grown. Good-quality oriented c rys t a l s  
resulted - as judged by neutron-rocking curve-line 
widths of 0.3O and straight sharp  neutron Laue  dif- 
fraction l ines .  We are able  t o  measure the  tem- 
perature dependence of the  magnetic suscept ib i l i ty  
and magnetization of small samples.  

2. Deformation and Annealing of Metals 

Inhomogeneities in the  preferred orientation of 
polycrystall ine niobium were studied with regard 
t o  amount of deformation and position in rolled 
strip.  T h e  main components of the texture in the  
center  c a n  b e  described a s  spread from (1111 
( 121) t o  1112) (110 ) a t  low reductions, centered 
on 11121 (710) a t  intermediate reductions, and  
approximately \113)( 110)  a t  reductions in thick- 
n e s s  of 99.5%. Athigher  amounts of deformation 
there a re  further texture changes.  A marked sur- 
face texture occurs at deformations of 90 to 97%. 

The  study of effects of gold in solution and in 
a precipitate on recrystall ization and grain-boundary 
mobility of zone-refined aluminum w a s  concluded. 

3. Deformation of  Crystalline Solids 

Powerful ana ly t ica l  methods were developed for 
transforming x-ray texture da t a  into ax ia l  or bi- 
ax ia l  pole figures,  which a re  required for t h e  com- 
plete representation of fiber and shee t  textures.  
Least-squares  methods are applicable for t he  
ax ia l  c a s e ,  where one either so lves  for the  coef- 
f ic ien ts  of a series or else so lves  directly for t h e  
density function without recourse to  a mathemati- 
cal model. For  the  biaxial  c a s e ,  the  same methods 
become very difficult, and an i terative method was  
much more satisfactory.  T h e  method was applied 
t o  rolling tex tures  for copper, b rass ,  and aluminum. 

Work is under way t o  e s t ab l i sh  the  important 
parameters tha t  control the strengthening in a l loys  
exhibiting spinodal decomposition. Important 
parameters a re  considered to  b e  the wave length, 
t he  degree of segregation, and the  s t ra ins .  Since 
fracture behavior is important in determining t h e  
mechanical properties, t h i s  is being investigated 
also.  

Very high deformation in copper and iron by 
rolling changed both the  internal structure and 
the  texture relative t o  more normal strains.  Cross  
rolling altered both the  texture and the  structure.  

4. Diffusion in Solids 

Self-diffusion coefficients were determined over 
wide temperature ranges for t he  body-centered 
cubic  phase  of titanium-vanadium a l loys  a t  10% 
increments in composition from pure titanium to  
pure vanadium. Similar experiments were com- 
pleted for self-diffusion in the body-centered 
cubic  and face-centered cubic  phases  of manganese.  
T h e  non-Gaussian penetration behavior at regions 
near specimen sur faces  was  examined for 
and 6oCo  in s i lver  and 63Ni and 6oCo in gold; 

'CO 

... 
X l l l  
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efforts were made t o  determine t h e  mechanisms 
for such  a near-surface effect. Cation self-dif- 
fusion in UN and UO, is being studied in experi- 
ments in which material stoichiometry i s  c lose ly  
regulated. 

5. Electron Microscopy 

A fractographic technique was  used  to  study g a s  
bubbles and creep  c a v i t i e s  i n  tungsten.  Fea tu res  
of the  crystallography and sur face  s t ruc tures  a re  
described. The  effects of temperature and s t r e s s  
on the  nature of c reep  cav i t i e s  and c racks  a r e  ex- 
p l a  ine d. 

A mathematical model was  constructed to  cal- 
cu la te  the dynamic fea tures  of t h e  formation of 
s l i p  bands.  Shear s t r a ins  and shear  s t ra in  ra tes  
were ca lcu la ted  and t h e  s t r e s s  concentration a t  
the  head of t h e  bands  w a s  determined for different 
grain s i zes .  

A graphical method is described for rapidly de- 
termining t h e  Schmid factor or resolved shear  
s t r e s s  on any s l i p  p lane ,  in any s l i p  direction, 
and for any c rys t a l  system. 

Some modifications to  our equipment for prepar- 
ing transmission electron microscopy specimens 
a re  described along with some techniques  for the  
u s e  of an  electron microprobe attachment for one 
of our microscopes. Some resu l t s  of a study of 
precipitation in Hastelloy N with these  techniques 
are presented. 

6. Electronic Properties of Metals and Al loys 

In Mossbauer s tud ie s  a new method, Coulomb- 
recoil-implantation, was  developed for study of 
impurities in so l id s  andappl ied  to  73Ge  in chromium. 
In zirconium a l loys  with the  so lu t e s  Sc, T i ,  Hf, 
Nb, Mo, Re ,  Ru, Rh, Ag, Cd, In, Sn, and Sb, meas- 
urements of low-temperature spec i f ic  heat,  super- 
conductivity transit ion temperature, and e lec t r ica l  
resist ivity ind ica te  a d is t inc t  separation i n  alloy- 
ing behavior. Transit ion metal so lu tes  t o  the  
right of zirconium in  the periodic t ab le  appear t o  
have  localized e lec t rons  near t h e  so lu tes .  Transi-  
tion metals in the  same column with zirconium, 
elements t o  the  left (Sc), and B-subgroup so lu t e s  
appear t o  show alloying e f f ec t s  related to the  
band structure.  Improvements in t h e  zone-refining 
apparatus for removal of oxygen impurity from 

zirconium permit up  t o  65 p a s s e s  without se izure .  
Zirconium purity h a s  been increased  (resist ivity 
ratio 1200 to 1300), and we find tha t  the  high- 
purity material c a n  b e  annealed to increase  crystal-  
l i ne  perfection without sacr i f ice  in  e lec t r ica l  
properties, 

7. Fundamental Ceramics Research 

We have  init iated a n  intergroup program of bas i c  
research  on uranium nitride, which will include 
single-cryst  a1 fabrication, ba nd-the0 ry ca lcu la t ions ,  
phys ical-property measurem en ts,  deformation mech- 
anism s tud ie s ,  so l id-s ta te  diffusion s tud ie s ,  low- 
temperature spec i f ic  hea t  measurements, helium 
bubble migration in a thermal gradient, and sur- 
face reaction s tudies .  Hopefully, the  resu l t s  of 
th i s  work will  b e  a be t te r  understanding of t h i s  
important nuclear ceramic,  which is one of t h e  
“refractory hard metal” class of ceramics ,  and a 
better l i a i son  between applied and fundamental 
groups within t h e  Division. 

8. Physical  Ceramics Studies 

T h e  effect  of i sos t a t i c  press ing  on subsequent  
sintering of partially s in te red  oxide powder com- 
pac t s  s u g g e s t s  a d is loca t ion  contribution to  t h e  
material transport  p rocesses .  Topological s t u d i e s  
of s in te r ing  copper powder compacts indicated 
that the  void s p a c e  d o e s  not undergo spheroidiza- 
t ion  until  approximately 99% of t h e  theore t ica l  
density is attained. Deformation mechanics in  
UO, s ing le  c rys t a l s  under compression are be ing  
analyzed. Specimens of sintered T h o ,  sol-gel 
powder underwent ex tens ive  grain-boundary s l id-  
ing  in compressive c reep .  

9. Physical  Properties 

Our physical property d a t a  on s i l icon  agreed 
with theoretical  e s t ima tes  of t h e  electronic 
thermal conduction, but theoretical  models for 
la t t ice  thermal conduction d o  not expla in  t h e  ex- 
perimental behavior i n  detail .  Several  methods 
to eva lua te  the  temperature dependence of t h e  
Lorenz number revealed high-temperature devia- 
t ions  for platinum, tungsten,  and iron. T h e s e  de- 
viations directly affect thermal conductivity pre- 
diction, and we are  sys temat ica l ly  measuring 
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properties of other transit ion metals i n  severa l  
devices  t o  explore  the  mechanisms for t h i s  be- 
havior. The  35% spec i f i c  hea t  discontinuity in 
iron at  t h e  Curie temperature w a s  confirmed, and  
a n  improved pulse  hea t ing  calorimeter was  con- 
s t ruc ted  t o  s tudy  the  iron-nickel a l loys  that ex- 
hibit ordering and ferromagnetism. The  thermal 
conductivity of b e d s  of vibratorily compacted T h o ,  
microspheres was  shown to b e  temperature insens i -  
t i ve  but quite s ens i t i ve  to g a s  and gas pressure.  
Our comparative longitudinal apparatus was  used  
t o  provide d a t a  on a variety of ox ides  including 
MgO, T h o , ,  (Th,U)O,, BeO, T m 2 0 3 ,  and UO,. 
Our absolu te  longitudinal apparatus was  used  t o  
generate da t a  for cri t ical  evaluation on Al, F e ,  
P t ,  In, W, and Cu in  t h e  little studied region, 77 
t o  400OK. The  applicabili ty of the  ultrahigh- 
vacuum furnace for measuring e lec t r ica l  res i s t iv i ty  
and thermoelectric power to  220OOC at 5 x lo-’ 
torr was  demonstrated. 

10. Theoret ical  Research 

Our program of band-theory ca lcu la t ions  h a s  
proved very promising and is be ing  pursued. 
Crystal-field theory ca lcu la t ions  and one-center 
molecular ca lcu la t ions  a re  continuing. 

11.  Spectroscopy of Ionic Media 

Hydrogen reduction of Bi(II1) i n  molten AlC1,- 
NaCl permitted measurement of t h e  ultraviolet 
absorption spectrum of Bi without interference 
from Bi3 ’. Vis ib le  and near-infrared spec t ra  of 
B i t  in bromide melts differed as expected from 
those  in chloride. T h e  formula of Bi , ’+was con- 
firmed. T h e  spec t r a  of Ni(I1) i n  seve ra l  media 
were interpreted in terms of two different coordina- 
t ion geometries in proportions tha t  varied with 
temperature and medium composition. W e  also 
measured r a t e  of oxidation of nitri te in molten 
LiC10, and dens i t i e s  of molten AlC1, and i t s  
mixtures with NaC1. 

t 

12. Superconducting Mater ials 

Significant progress was  made in  t h e  metal- 
lurgical  characterization of severa l  sys t ems  of 
potential  in te res t  i n  research in superconductivity. 

W e  determined t h e  equilibrium phase  diagram for 
t he  binary sys tem technetium-vanadium a t  tem- 
peratures up  t o  1501)OC and are  investigating t h e  
k ine t ics  of eutectoid decomposition in a l loys  con- 
taining 30 at.  % V. The  rather complex depend- 
e n c e  of the  fcc-dhcp transformation in  lanthanum 
and cerium on time, temperature, grain s i z e ,  co ld  
work, and purity h a s  been surveyed, and more de- 
tailed work is in progress. Magnetization da ta ,  
including both critical-field and critical-tempera- 
ture da ta ,  were obtained for the  a l loys  of t h e  
technetium-vanadium system. Techniques have  
been developed for determination of c r i t i ca l  
parameters a s  a function of field strength and tem- 
perature in massive superconducting samples  
throughout t h e  ranges  2 to 20°K, 0 to 75 kilo- 
gauss .  

13. Surface Reactions of Metals 

Research  in  t h i s  a r e a  has  emphasized newly rec- 
ognized fac tors  in the  oxidation of meta ls ;  namely, 
t h e  importance of short-circuit diffusion pa ths  in  
the  oxide fi lms, oxygen solution e f f ec t s ,  and 
s t r e s s  generation during oxidation. A study of t h e  
oxidation of n icke l  w a s  undertaken to  t e s t  the  
generality of our model for t h e  oxidation of copper,  
which rationalized oxidation-rate anisotropy in  
terms of a corresponding anisotropy of t h e  ex ten t  
of short-circuit diffusion paths through the  oxide. 
Based  on t h e  r e su l t s  of x-ray, electron microscope, 
and optical  s tud ies  of NiO films, we believe tha t  
t h e  oxidation model for copper a l s o  appl ies  t o  
nickel. W e  have also continued our s t u d i e s  of t h e  
oxidation of refractory metals. Oxygen w a s  allowed 
to  diffuse into niobium and tantalum a t  800°C at 
severa l  oxygen pressures ,  and the  buildup of a 
subs tan t ia l  and complicated s t r e s s  sys tem was  
observed. T h e  permeation of anodic Ta,O, film’s 
by oxygen w a s  studied with particular attention 
to  t h e  inhibiting e f fec ts  of phosphorus incorporated 
into the  f i l m  t o  produce a n  oxide alloy. T h e  
Ta,O,-Nb,O, oxide a l loys  were prepared by t h e  
anodization of tantalum-niobium a l loys  in antici-  
pation of a study of t he  phase  relationships in t h e  
tantalum-niobium-oxygen system. A high-effi- 
c iency  anodization technique for tungs ten  w a s  
developed and a chemical stripping solution 
t e s t ed  preparatory to  a study of low-temperature 
and short-circuit diffusion in  that metal. 
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14. X-Ray Diffraction 

W e  have continued investigations of mixed oxide 
compounds containing beryllia with a description 
of the c rys ta l  s t ruc ture  of La,Be,O,. T h i s  equilib- 
rium phase  conta ins  only tetrahedrally coordinated 
beryllium atoms, in contrast  t o  t he  trigonal co- 
ordination found in the  nonequilibrium phases  
Ca12Be , ,0 , ,  and Y,BeO,. We have  obtained a 
glass-l ike material from quenched melts in t h e  
sodium oxide-beryllium oxide system. 

Powder diffraction da ta  a re  given for LiN,. Some 
structural  properties of irradiated sp ine l  c rys t a l s  
a r e  presented. Since the  ac tua l  chemical composi- 
tion proved t o  b e  1MgO:3A1,03 rather than t h e  
idea l  1:l composition, t h e  la t t ice  defec ts  d u e  to 
nonstoichiometry could t rap  radiation-produced 
defec ts  and lead to  smaller net l a t t i ce  expans ions  
than t h o s e  found in irradiated alumina. 

T h e  presence  of measurable orientation-depend- 
en t  small-angle x-ray sca t te r ing  from neutron- 
irradiated copper c rys ta l s  is reported. Mathe- 
matical procedures for correcting small-angle x-ray 
sca t t e r ing  da ta  for t h e  e f fec ts  of f inite slit height 
and width were developed, and computer programs 
were written to  apply them. 

Pyrolytic graphite monochromators continue t o  
show real promise in  x-ray diffraction experi- 
ments. We a l s o  report a new method for experi- 
mentally determining th i cknesses  of thin unat- 
tached films with only the  l inear x-ray absorption 
coefficient required as a priori knowledge. 

A simple alternative to the Ewald-von Laue  
dynamical theory of x-ray diffraction i s  described. 
The method involves the  solution of a sys tem of 
difference equations similar to those  first  so lved  
by Darwin. 

P A R T  I I .  H I G H - T E M P E  R A T U R E  M A T  E R l A L S  
PROGRAM 

15. Physical and Mechanical Metallurgy of 
High-Temperature Materials 

This  program is concerned with materials prob- 
lems a s soc ia t ed  with high-temperature high- 
performance reac tors  for advanced propulsive and  
electric power sys t ems ,  e spec ia l ly  for s p a c e  ap- 
plications.  Particular emphasis  is placed on fab- 

rication and complete physical  metallurgical 
evaluation of tantalum-, niobium-, and molybdenum- 
b a s e  alloys.  

In creep-rupture investigations t h e  niobium- 
modified molybdenum alloy TZM, after solution 
annea l ing  a t  193OOC and warm working at  1370°C, 
was  the  s t ronges t  of all a l loys  t e s t ed  in the  tem- 
perature range 980 t o  1315OC. After annealing a t  
160OOC and aging 3 hr a t  12OO0C, SU 16 w a s  t h e  
s t ronges t  niobium-base alloy in t h i s  temperature 
range. The  1000-hr creep-rupture behavior of 
T-222 was  comparable to that of T-111 and Ta- 
10% W in the  temperature range 980 to 165OOC; 
welded specimens were s l igh t ly  stronger than  
base-metal specimens.  Larson-Miller parameters 
were derived for rupture of T-111, FS-85, and  TZM, 
us ing  a cubic  polynomial in the  logarithm of 
s t r e s s .  Creep curves  were obtained for molybdenum 
specimens during irradiation a t  705, 760, and 
87OOC a t  s t r e s s  l eve l s  of 18,000, 30,000, and 
15,000 p s i  respectively.  T h e  res i s tance  of t h e  
niobium alloy D-43 t o  cyc l ic  s t ra in  a t  1205OC w a s  
as  good as or better t han  that around room tem- 
perature. 

Significant changes in  t h e  mechanical properties 
of tantalum-base a l loys  l ike T-111 that occur on 
cooling from annealing temperatures were attr ibuted 
t o  t h e  distribution of carbon. T h e  diffusivity of 
nitrogen in Nb-l% Zr  was  described by the  equa-  
t ion D = 1.4 x lo-,  exp(-42,000/RT) and is 
about th ree  orders of magnitude lower than in  un- 
alloyed niobium. Studies on the  vaporization of 
Haynes alloy No. 25 in  vacuum between 870 and  
115OoC have been extended to  include the  e f f ec t s  
of superimposed s t r e s s e s  on the  evaporation 
k ine t ics  and the determination of the  c reep  
properties of th i s  alloy during evaporation. 

tungsten-arc welds  of t h e  niobium-base a l loys  
Cb-752 and Cb-753 were eva lua ted  in  terms of 
microhardness t raverses .  Bend transit ion tempera- 
tu res  for weld specimens of the  niobium-base 
alloy SU 16 were 90°C after electron-beam weld- 
ing and 23OOC after gas-tungsten-arc welding. 
Brazing a l loys  were developed for refractory-metal 
joining, and impressive shear  s t rengths  near 20,000 
p s i  were observed t o  temperatures within 2OOOC of 
their  melting points. The  brazing alloy Ti-21% 
V-25% Cr proved outstanding in  its abili ty to  wet  
ceramics.  Components of t h e  niobium-base alloy 
D-43 were welded to form a large forced-circula- 
t ion  corrosion loop. 

T h e  effects of embrittling aging reac t ions  i n  g a s  
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A double arc-melting technique with intermediate 
extrusion was developed for production of homo- 
geneous b i l le t s  of t h e  tantalum-base alloy T-111. 
Six extrusions - including tube  she l l s ,  round rod, 
and s h e e t  bar - were made, and the  tube s h e l l s  
were subsequently swaged and drawn a t  room tem- 
perature. 

T h e  thermal conductivity, e lec t r ica l  res i s t iv i ty ,  
and thermoelectric power of T-111 were determined 
for t he  temperature range 100 to  1000°C; the  hemi- 
spher ica l  emi t tance  was  measured a t  500 t o  800OC. 
An analy t ica l  express ion  involving e lec t r ica l  
conductivity was  developed for extrapolation of 
t he  thermal conductivity to 1400OC. Thermal emf 
changes  equivalent t o  less than 2OC were observed 
for Chromel-P v s  constantan thermocouples after 
400-hr exposures  a t  lo-' torr i n  t h e  temperature 
range 300 to  800OC. T h e  radiation exchange be- 
tween graphite and anodized and Aquadag-coated 
aluminum w a s  determined in connection with a n  
irradiation t e s t  in t h e  HFIR, where hea t  transfer 
by forced convection was  not desirable.  

destructive t e s t i n g  of refractory alloys.  
Techniques were developed and applied for non- 

16. Tungsten Metal lurgy 

In the  tungsten and tungsten-alloy tubing fabri- 
ca t ion  development program, 37 b i l le t s  were ex- 
truded a t  temperatures ranging from 1650 to 220OOC 
and extrusion ratios of 3 t o  9. Significant process  
improvement w a s  effected through modifications 
in the  press  controls and hydraulic sys tem,  the  
bil let  heater,  and the  mandrel des ign .  T h e  duplex 
extrusion technique was used  to  produce thin- 
walled tubing of W-2576 R e  and to deve lop  a 
wrought structure i n  tubes of chemically vapor 
deposited (CVD) tungsten.  Hot-plug drawing 
equipment and techniques  were developed for 
secondary working of tubes  t o  temperatures as 
high as 1000°C. An extruded duplex tube s h e l l  
containing a CVD tungsten s l e e v e  was  reduced 
85% i n  five p a s s e s  a t  700°C t o  0.710-in.-OD x 
0.01-in. wall  th ickness  with no intermediate re- 
crystall ization anneals.  

Chemical vapor deposit ion s t u d i e s  included 
direct  production of thin-walled tubing in lengths 
up  t o  4 ft ,  a s t a t i s t i ca l  evaluation of deposit ion 
parameters as  related to  the  structural  fea tures  of 
t h e  deposit  and deposition-rate-controlling mecha- 
nisms, and a n  evaluation of the parameters con- 

trolling t h e  uniformity of composition and proper- 
t i e s  i n  depos i t s  of tungsten-rhenium alloys.  

Phys ica l  metallurgy s tud ie s  on CVD tungsten 
containing up to 30 ppm F showed that bubbles 
formed during annea l ing  a t  140OOC develop from 
c lus te rs  or f ine  unresolvable precipitates of un- 
identified fluorine impurities in the as-deposited 
material. T h e  morphology and growth character-  
i s t i c s  of bubbles and their  effect on metallurgical 
properties were investigated after heat treatments 
as  high as 2500OC. T h e  effect of s t r e s s  on bubble 
growth w a s  determined by electron microscopy of 
specimens creep-rupture t e s t ed  a t  1650 and 2200OC. 

The  creep-rupture properties of wrought W-25% 
Re  shee t  prepared from arc-cast  and from powder- 
metallurgy-derived materials were compared a t  
1650 and 2200OC. The  arc-cast  alloy was  gen- 
erally superior to t h e  powder-metallurgy material, 
particularly with regard t o  rupture life and rupture 
ductility. Inflections related to  yielding appeared 
in  the  load-deflection curves  for tungsten annealed 
a t  various temperatures and t e s t ed  in bending a t  
t e  mper at  ures jus t  above the  ductile-to-brittle 
transit ion temperature. The  e f fec ts  of annealing 
temperature and grain size on bend yield s t r e s s e s  
were related to  changes  in substructure,  impurity 
distribution, or perhaps even impurity content 
during annealing. 

Gas  tungsten-arc welding formed reproducible, 
sound, pore-free welds  in  tungsten and tungsten 
a l loys  derived from arc-cast  stock, but fusion- 
l ine  porosity inevitably developed in  powder- 
metallurgy-based alloys.  Pore-free welds  were 
also formed in CVD material containing 10 ppm F 
or less. 

i t i e s  of four tungs ten  and tungsten-alloy specimens 
were measured between - 196 and 127OC. T h e  
resu l t s  were t rea ted  b y  seve ra l  methods to  obtain 
the  temperature dependence of t h e  Lorenz number 
for ca lcu la t ing  t h e  electronic contributions t o  t h e  
thermal conductivity . 

T h e  thermal conduct iv i t ies  and e lec t r ica l  res i s t iv -  

17. Alkal i -Meta l  Corrosion of 
High-Temperature Materials 

Compatibility s tud ie s  using refluxing capsu le s ,  
natural-circulation loops ,  and  forced-circulation 
loops  have brought the  cumulative operating t ime 
for refractory-alloy-boiling-potassium sys tems t o  
over 90,000 hr. Almost negligible d isso lu t ive  
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a t tack  h a s  occurred in either the  boiler or con- 
denser region a t  temperatures up  t o  130OOC and 
for t imes as long as 5000 hr. An engineering- 
scale pumped loop of the  niobium alloy D-43 h a s  
operated for 2000 hr a t  a boiler temperature of 
12OOOC and a condenser temperature of 84OOC. 

In thermal-convection loop t e s t s  of lithium in 
Nb-1% Zr ,  mass transfer of zirconium occurred 
from the  hot- t o  cold-leg regions.  Although smal l ,  
th i s  effect  w a s  1 0  t imes  greater a t  a hot-leg 
temperature of 130OOC than a t  1200OC. Welded 
spec imens  of T-111 contaminated with 500 pprn 
0 were a t tacked  intergranularly in  t h e  b a s e  metal 
un less  they had been hea t  treated a t  130OOC af te r  
welding. 

Bas i c  s tud ie s  on the  role of oxygen on the  cor- 
rosion of refractory metals by potassium were ex-  
tended t o  the  Ta-0-K system a t  600 to  800°C. Pre-  
liminary r e su l t s  ind ica te  that t h i s  system behaves 
similarly to  t h e  Nb-0-K sys tem;  tha t  i s ,  oxygen is 
transferred from the metal t o  t h e  potassium, e v e n  
though the  thermodynamic properties of known 
oxides  sugges t  that  t h e  opposite should occur. 

accura te  and rapid determination of oxygen in 
a lka l i  and refractory metals was completed a f te r  
severa l  operational difficult ies were overcome. A 
s e r i e s  of refractory-metal specimens with care- 
fully documented oxygen l eve l s  was  assembled t o  
s ta t i s t ica l ly  eva lua te  t h e  accuracy of the sys tem.  

T h e  fast-neutron activation ana lys i s  facil i ty for 

18. Nitride Fuels Development 

W e  a re  developing nitride fue ls  for space-nuclear 
and liquid-metal fast-breeder applications.  Fo r  
the  latter,  properly des igned  (U,Pu)N fuel p ins  
c a n  operate a t  significantly higher linear hea t  
ratings and power dens i t i e s  t han  mixed oxides and  
may have some advantages  over mixed carb ides .  
The  development program involves fabrication, 
product characterization, thermodynamic s tud ie s ,  
and compatibility testing. P l a n s  a r e  also under 
way for irradiation t e s t ing  of t h e  mixed nitride 
fuels.  We a r e  also incorporating f ine  d ispers ions  
i n  UN t o  improve properties. 

In fabrication s tud ie s  we developed a process  
for producing UN pel le t s  with less than 500 pprn 0 
and 200 ppm C. Low-oxygen-content uranium carbo- 
nitrides a r e  also being produced. Abnormal grain 
growth in  UN was  found to be  caused  by t races  of 
liquid uranium. A revised powder syn thes i s  proc- 
ess eliminated t h i s  problem. 

Our work with d ispersed  second-phase material 
in UN showed that t h e  solubili ty of molybdenum 
in  UN var ies  s u c h  that f ine precipitate particles 
might b e  formed through careful hea t  treatment of 
sintered samples .  We also showed tha t  a f ine  
dispersion of a thorium-rich oxide phase  c a n  be  
formed in a (U,Th)N alloy by internal oxidation. 

Our thermodynamic s t u d i e s  have extended t h e  
range of measured nitrogen pressures  over UN 
down to the  prac t ica l  temperature of 130OOC and 
have  led to  a va lue  of -69.6 k 1.0  kcal/mole for 
t h e  standard enthalpy of formation of UN a t  25OC 
(&l;98,f). Studies on UC-UN sol id  so lu t ions  
showed that the  system i s  thermodynamically 
idea l ,  and the  ac t iv i ty  of carbon precipitated from 
UC by reac t ion  with nitrogen below 170OOC is 
greater than tha t  of graphite. Studies of t h e  ki- 
ne t ics  of t h e  reaction of UC with nitrogen showed 
tha t  t h e  reac t ion  occurs  in  two s t a g e s  with a 
unique composition a t  a “way station.” In re- 
la ted  s tud ie s ,  sintered pe l le t s  of a desired com- 
posit ion of U(C,N) were prepared by t h e  reaction 
of graphite with UN i n  a pressed  compact. 

PART Ill. GENERAL FUELS AND 
MATERIALS RESEARCH 

19. Dispersions in Solids 

Boronating thorium powders containing 4.65% Zr 
in  solid solution gave  a product tw ice  as hard a t  
800°C as competit ive alloys.  

Preliminary s t u d i e s  showed that modified Ni- 
chrome- and Vitallium-type a l loys  containing thorium 
c a n  b e  internally oxidized t o  give a n  ultrafine d is -  
persion of very s t a b l e  oxide particles.  Good d is -  
persion s t ruc tures  and high-temperature strength 
were achieved. 

20. Fuel Element Fabrication Development 

We demonstrated t h e  success fu l  operation of a 
flame reactor technique for t h e  direct  conversion 
of UF, to  uranium oxide powder. Other investiga- 
t ions  in  chemica l  vapor deposit ion include deposi-  
t ion of UO, from uranium chlor ides  and lithium 
reduction of UF, t o  produce uranium nitrides or 
carbides.  Non-fuel-bearing compounds such  as 
boron nitride and s i l i con  carb ide  were a l s o  de- 
posited by reac t ions  of gaseous  ha l ides .  T h e  ef- 
f ec t s  of some  depos i t ion  parameters have  been 
studied for each  system. 
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We increased  our effort in the a rea  of research  
reactor fuel d i spers ions ,  seeking  to  elucidate t h e  
differences in fabrication behavior of uranium- 
aluminum intermetall ics and t h e  oxide fuels.  W e  
successfu l ly  completed t h e  fabrication of seve ra l  
instrumented fuel element a s sembl i e s  t o  b e  used  
i n  the  s t a r tup  of t h e  Advanced T e s t  Reactor. T h e  
swel l ing  of UA1,-aluminum compacts during in i t ia l  
fabrication operations was  studied. Irradiation 
t e s t ing  of ORR fuel with a 20% increase  in  fue l  
loading was  completed with sa t i s fac tory  opera- 
t ional performance. 

21. Mechanical Properties Research 

The  Mechanical Properties Research and Liquid- 
Metal p a s t  Breeder Reactor Materials Development 
programs are  c lose ly  re la ted  and have  as their  ob- 
j ec t ives  the  understanding of radiation damage t o  
the  mechanical properties of reactor materials and  
the  development of modified a l loys  more r e s i s t an t  
t o  radiation damage. 

We found tha t  t he  in-reactor and postirradiation 
c reep  properties of type  304 s t a i n l e s s  s t e e l  a r e  
indeed comparable. However, t h e  rupture life and 
ductil i ty in both cases were significantly less 
than t h o s e  of unirradiated material. 

s t a in l e s s  s t e e l  h a s  continued through t h e  in- 
vestigation of small (100 lb) and medium s i z e d  
(1500 lb) hea ts .  T h e  r e su l t s  among t h e  various 
hea t s  a r e  cons is ten t ,  and t h e  mechanical properties 
show considerable improvement over conventional 
type 304 s t a i n l e s s  s t ee l  after reactor and alpha- 
particle irradiations. 

We are  preparing irradiation experiments for  
insertion into EBR-11. The  first  experiments t o  
determine t h e  nuclear hea t ing  rate i n  t h e  reactor 
have  been  des igned  and constructed and a r e  a t  t h e  
EBR-I1 s i t e  awai t ing  ins ta l la t ion  in t h e  reactor. 
Subsequent experiments a re  under construction. 

T h e  development of titanium-bearing type  304 

22. Nondestructive T e s t  Development 

We continued development of ana ly t ica l  tech- 
n iques  for t h e  ca lcu la t ion  of parameters for a n  
induced electromagnetic field and now have  two  
different methods: T h e  computerized relaxation 
method and a “closed-form” solution. T h e  former 
is more versati le,  but the  latter,  though more re- 
stricted,  h a s  the  potential of greater accuracy. 

Additional evaluation of complex integrals is 
necessary  before the  closed-form solution c a n  b e  
fully used. A portable phase-sensit ive eddy- 
current instrument was  developed with exce l len t  
lift-off compensation, sens i t iv i ty ,  and tempera- 
ture stabil i ty.  We improved probes for measure- 
ment of coolant-channel s p a c e  for u s e  in hot cells. 

types  of reference discontinuities used for t he  in- 
spec t ion  of s h e e t  and tubing. Improvements were 
made on techniques  for fabricating both longi- 
tudinal and t ransverse  notches in tubing. Both 
sch l ie ren  and photoelastic methods were used for 
viewing ultrasound. 

W e  developed quantitative data for the  radiog- 
raphy of graphite and a re  measuring radiographic 
sens i t iv i ty  of meta ls  as various parameters, s u c h  
as  x-ray energy, specimen th ickness ,  and t h e  
presence  and th i ckness  of lead screens ,  a r e  varied. 

W e  a re  correlating ultrasonic response  for various 

23. Development and Test ing  of Sol-Gel-Derived 
(U, Pu)O, F u e l  

We have  s ta r ted  to assess the potential  of sol- 
gel-derived Pu0,-UO, fue l  for f a s t  reactors,  
particularly t h e  Liquid Metals Fast Breeder Re- 
actor and t h e  Fast F lux  T e s t  Fac i l i ty .  T h e  pro- 
gram comprises (1) t h e  development of fabrication 
processes ,  (2) out-of-reactor tes t ing ,  and (3) ir- 
radiation to  high burnup in thermal reactors.  

T h e  init ial  progress inc ludes  the  development 
of a c r i t i ca l  path schedule  for process  develop- 
ment, property determination, irradiation tes t ing ,  
and economic evaluation of the  fue l s  as well  a s  
t h e  preparation of su i t ab le  plutonium laboratories 
and equipment t o  accomplish the  work. A non- 
instrumented capsu le  for irradiation of the  fue l s  i n  
the  Engineering Test Reactor was  des igned ,  and 
irradiation of the  first  capsu le s  commenced. In 
addition, work w a s  init iated on t h e  low-energy 
compaction of sol-gel microspheres, extrusion of 
sol-gel c l ays ,  and the  pelletizing of sol-gel 
powder. No definit ive resu l t s  have yet been ob- 
tained from t h e  program. 

24. Sintered Aluminum Products Development 

Sintered aluminum products (SAP) a r e  powder- 
metallurgy-produced a l loys  tha t  cons i s t  of alumi- 
num oxide d ispersed  within a n  aluminum matrix. 
T h e s e  a l loys  have a high strength-to-weight ratio,  
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and t h i s  beneficial  effect  is s t ab le  up to tempera- 
tu res  approaching t h e  melting point of aluminum. 

Although t h i s  alloy is a t t rac t ive  for applications 
in  severa l  reactor sys t ems ,  commercial SAP ma- 
te r ia l s  lack  the  reproducibility of properties needed 
for many nuclear components. Our program was  
init iated t o  inves t iga te  the  problems and param- 
e t e r s  related to  primary bil let  fabrication of SAP 
for HWOCR pressure  tubes  and fuel rod cladding. 
General  p rocess  s t e p s  involve feed-powder charac- 
terization, d i spers ion  preparation, and consolida- 
tion. 

We have  eva lua ted  t h e  parameters necessary  t o  
ball-mill su i tab le  SAP a l loys  on a pilot mill 
scale. T h e s e  s tud ie s  indicate tha t  t h e  oxide con- 
tent is reproducible within the  precision of t h e  
measurement techniques.  P r o c e s s  se lec t ion  for 
consolidation of the  milled SAP f lake  was  com- 
pleted. Two  a l te rna te  methods a re  available,  but 
one  involves careful control of a packaged b i l le t  
prior t o  secondary  working t o  prevent rehydration. 
Rehydration of SAP f lake  produces a n  unstable 
product that  s w e l l s  and b l i s te rs  because  of hydro- 
gen r e l ease  during elevated-temperature applica- 
t ions.  

T h e  modes of ducti le fracture were described and 
identified by u s e  of a fractography technique. 
High-temperature fractures a re  init iated a t  s ing le  
oxide par t ic les  or groups of particles.  Banding 
and stringering of oxide par t ic les  seriously affect  
the  fracture process .  Our nondestructive t e s t ing  
s tud ie s  have  been devoted t o  development of 
techniques for t h e  measurement of f lake  th i ckness  
and oxide content.  

T h e  fracture charac te r i s t ics  of SAP were studied. 

25. Weldability of High Alloys 

W e  are seeking  a more thorough understanding 
of the  role of minor e lements ,  individually and 
combined, upon the  c racking  behavior and  me- 
chanical properties of welds in nickel- and iron- 
b a s e  alloys.  A la rge  number of spec ia l  a l loys  of 
the  Inconel 600 (Ni-15.5% Cr-8.0% F e )  and 
Incoloy 800 (Fe-32.5% Ni-21.0% Cr) types  were 
processed  for t e s t i n g  both a t  Rensse l ae r  Poly- 
technic Insti tute under subcontract and at  ORNL. 
Excellent control over t he  melting and fabrication 
parameters led to a very-high-purity product. 

T h e  VARESTRAINT t e s t  developed at  Rens-  
s e l ae r  w a s  used  to  eva lua te  the crack suscept i -  

bility of we lds  in three commercial alloys.  T h e  
to ta l  c rack  length a t  2% augmented s t r a in  was  ap- 
proximately 500 mils for Inconel 600 and 1100 
mils for Incoloy 800 and Hastelloy X. Thus t h e  
Inconel 600 appears  t o  r e s i s t  hot c racking  some- 
what better t han  either of the  two other materials.  

The  effect of hea t  input on the  properties of 
welds in  aus t en i t i c  s t a in l e s s  s t ee l  was  also 
studied. T h e  intercellular spac ing  of t h e  weld 
metal increased  with increas ing  hea t  input and  
the de l ta  fe r r i te  distribution varied markedly. 
Welds made at  10,000 j/in. had 10,000-psi greater 
t ens i l e  strength a t  room temperature than  those  
made at  60,000 j/in. The  ducti l i ty of the weld 
metal  appears  t o  increase  with the  amount of de l ta  
ferri te i n  t h e  microstructure in  the  range observed. 

. 

26. Z i rconium Metallurgy 

We descr ibed  the  s t r e s s  and s t ra in  properties of 
zirconium a l loys  in terms of crystallographic 
texture and made continued progress in  our s tudy  
of the  effect of fabrication var iab les  on texture 
in  tubing. Single c rys t a l  deformation s tud ie s  added 
t o  our knowledge of b a s i c  deformation mechanisms 
and texture development and control. The  orienta- 
tion of t h e  hydride in  zirconium a l loys  h a s  been 
examined with respec t  t o  texture, cool ing  rate,  
and s t r e s s  cycling. 

Our corrosion s tud ie s  provided the  first  c l ea r  
picture of the  e f fec t  of crystallography on t h e  
anisotropy of oxidation in zirconium. We also 
demonstrated the  sens i t iv i ty  of oxidation rate t o  
impurity content.  F ina l ly ,  t hese  s tud ie s  produced 
a promising method for significantly improving t h e  
corrosion r e s i s t ance  of zirconium. 

PART IV.  REACTOR DEVELOPMENT SUPPORT 

27. BONUS Reactor Fuel Element Development 

Support t o  t h e  improvement of BONUS Fue l  
Elements is reported. Techn ica l  a s s i s t a n c e  w a s  
provided ORGDP with fue l  rod space r  brazing, 
fuel rod end-cap welding, and  pressure-shell  as- 
sembly brazing. An ultrasonic technique  w a s  
developed for inspec t ing  t ube-to-spacer brazed 
joints.  New methods a re  being used  to sc reen  
structural  a l loys  for weldability. 

. 
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28. Desal inat ion 

W e  analyzed the  c o s t s  of fabricating and using 
a n  unclad uranium metal fuel element i n  a desa l i -  
nation reactor plant. W e  also worked on t h e  de- 
s ign  and construction of a p iece  of experimental 
apparatus to  t e s t  a method of producing t h i s  fue l  
element. 

29. Evaluat ion of Hastel loy N for 
SNAP-8  Service 

T h e  development of improved vers ions  of t h e  
SNAP-8 reactor requires a detailed knowledge of 
t h e  postirradiation mechanical properties of 
Hastelloy N in the temperature range from 600 t o  
8OOOC. Compositional modifications of Has te l loy  
N for improved r e s i s t ance  to  radiation embrittle- 
ment will  probably b e  required. T h e  postirradia- 
t ion properties of Hastelloy N tubing and rod ma- 
te r ia l  from similar hea t s  were cons is ten t .  T h e  
ducti l i ty and strength of the  hea t s  were reduced 
t o  low va lues  a t  650 and 76OoC, although t h e  
strain-rate sens i t iv i ty  of t h e  e f fec ts  differed at 
t h e s e  temperatures. Aspects  of t h i s  program in- 
volving t h e  development of improved compositions 
of Hastelloy N a re  descr ibed  in  Chap. 34. 

30. F u e l  Assistance and Procurement 

A new program a i d s  the  AEC in  problems related 
to procurement of fue ls  for research  reac tors ,  s u c h  
as the  ETR,  the  ATR, t h e  AF-NETR, and various 
Army reactors.  

31. Gas-Cooled Reactor Program 

All-ceramic nuclear fue ls  cons i s t ing  of pyrolytic- 
carbon-coated (Th,U)O, and  (Th,U)C, fuel par t ic les  
offer cons iderable  advantages  as fission-product- 
retaining fuel for high-temperature gas-cooled re- 
actors.  Our support for t h e  Program cons is ted  
mainly in advancing t h e  techniques  for fluidized- 
bed coating of par t ic les  and the  t e s t ing  of coa t ing  
materials and coated-particle fuels. We found that 
t h e  des i rab le  high-density isotropic coa t ings  could  
b e  deposited a t  very high ra tes  at  low temperatures 
us ing  propane or propylene as  reactant.  Oxide 
fuel par t ic les  having th i s  type  of coa t ing  survived 

hea t  treatment up to 26OO0C, but thermal c r e e p  
from the  high internal carbon monoxide pressure 
caused  large dimensional changes  and  inc reases  
in  anisotropy. In other coa t ing  s t u d i e s  we de- 
veloped techniques  for fluidized-bed deposit ion 
of S i c  coatings on fuel particles.  W e  also ex- 
tended our mathematical ana lys i s  of s t r e s s e s  in 
coa t ings  to include c reep ,  which may significantly 
extend t h e  life of isotropic pyrolytic carbon coat- 
ings  under high exposures  to f a s t  neutrons. Den- 
s i t y  and dimensional changes  in pyrolytic carbon 
irradiated t o  a high fast-neutron dose  demonstrated 
the  s tab i l i ty  of isotropic structures and indicated 
that densification is a first-order ra te  process.  
Irradiation tests on coated-particle fue ls  demon- 
s t ra ted  that the  low-temperature isotropic coat-  
ings  would withstand high fuel burnup and con- 
firmed our previous favorable observations on t h e  
irradiation s tab i l i ty  of coa ted  sol-gel oxide fue ls .  

32. High F l u x  Isotope Reactor 

The  quality of t h e  HFIR fuel-element develop- 
ment work h a s  been a t tes ted  by in-reactor perform- 
ance .  Thirteen assembl ies  have been  burned t o  
a n  average burnup of 2300 Mwd with no obvious 
problems. Fuel-element production is proceeding 
smoothly through completion of the  first  commer- 
cial procurement contract and the  s ta r t ing  of a 
second. Fuel-plate recoveries of 92% have been 
achieved, with b l i s te rs  and sur face  de fec t s  be ing  
t h e  major c a u s e s  for rejection. Waivers of ac- 
ceptance  s tandards ,  however, have been required 
on  most e lements ;  deviations vary in  c a u s e  from 
one unit t o  another. Data obtained from t h e  fue l  
fabricator were analyzed to  demonstrate what ef- 
f ec t s  changes  in  t h e  specifications would have  on 
rejection ra tes .  Several  a r eas  were found in  which 
spec i f ica t ions  could b e  t ightened without economic 
penalty,  while relaxation is des i rab le  in  others.  

Fue l  p l a t e s  of HFIR geometry but with a 25% 
increase  in fuel loading were fabricated with both 
U,O, and UA1, used  as the  fuel. T h e  amount of 
densification during hot rolling differed, with t h e  
intermetallic being less dense.  New cleaning and 
rolling procedures were developed to  eliminate t h e  
need for type 1100 bonding layers on t h e  frame. 
Previously such  l aye r s  were required t o  ach ieve  
adequate bonding between frame and cover p la tes .  
Also, doubly c l ad  frame s tock  presents  a se r ious  
production problem. 
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Pulsed-arc and electron-beam welding a r e  be ing  
investigated as a l te rna te  techniques for joining 
fuel p la tes  during final assembly. The  former 
method did not show sufficient advantage to  
warrant necessary  changes  in procedure and equip- 
ment. The  latter method, however, shows promise 
of simpler and more c lose ly  controlled welding 
practice,  i f  a su i t ab le  s i d e  p la te  material with l e s s  
tendency for weld c racking  than type  6061 c a n  b e  
found. 

t o  p la tes ,  which were then curved to  the  required 
involute. After be ing  assembled in a t e s t  rig, 
such  p la tes  successfu l ly  r e s i s t ed  abras ion  and  
flow s t r e s ses .  

Longitudinal s p a c e r s  were ultrasonically welded 

33. H igh  Flux Isotope Reactor Target  
Development 

T h e  goal of t h e  Transuranium project is t o  
produce gram quantit ies of t h e  heavier trans- 
uranium e lements  for research  purposes by suc -  
c e s s i v e  neutron captures  in 239Pu.  T h e  2 3 9 P u  
was  converted to  2 4 2 P u ,  243Am, and 244Cm in 
Savannah River reactors.  At ORNL these  products 
were fabricated into target elements that  a re  be ing  
irradiated in t h e  High Flux  Isotope Reactor a t  a 
flux of approximately 3 x i o i 5  neutrons cm- '  
sec-'. T h e  target e lements  are removed period- 
ically from HFIR and reprocessed in t h e  TRU t o  
separa te  the  product ac t in ides  and recover t h e  
target actinides,  which a re  fabricated into recyc le  
ta rge ts  and returned to HFIR for further irradiation. 

Our t a s k s  have  included the  design, fabrication, 
and validation of su i tab le  targets,  t h e  develop- 
ment of equipment and techniques  for fabricating 
them, and monitoring the i r  performance in HFIR. 
Because of t h e  premature failure of target e l e -  
ments exposed in  t h e  HFIR, we are also investigat-  
ing the  c a u s e  of failure and  fabricating modified 
target elements t ha t  may withstand t h e  HFIR 
serv ice  conditions. 

for confirmation of t h e  HFIR target element de- 
sign. The  necessa ry  2 4 2 P u  t a rge ts  for the  HFIR 
irradiations were fabricated.  W e  have e s sen t i a l ly  
completed t h e  cold t e s t ing  of the  equipment in the  
TRU, refurbished ta rge ts  tha t  had been irradiated 
previously a t  Savannah River, and commenced 
an  investigation of t h e  mechanism of failure of 
ta rge ts  that  had been irradiated a t  Savannah River 

We completed an irradiation program in t h e  E T R  

and in  t h e  HFIR t o  f i ss ion  of approximately 25% 
of the  plutonium. 

investigated.  Targe t  e lements  containing lower 
loadings and greater pellet  porosity have been 
fabricated and a re  be ing  irradiated in the  HFIR. 

One solution t o  the  HFIR target failures is be ing  

34. Molten-Salt  Reactor Program 

We have  maintained an  ex tens ive  surveil lance 
program in  the  MSRE t o  determine the  e f fec ts  of 
the  operating environment on the  properties of t h e  
two primary structural  materials - graphite and 
Hastelloy N. We removed spec imens  twice ,  after 
7823 and 32,450 Mwhr of operation. Mechanical 
property t e s t s  on the  Hastelloy N from t h e  first  
group indicated that t he  properties were equivalent 
t o  those  of material  given a similar neutron ex- 
posure in the  ORR. T h e  surve i l lance  assembly 
was  found t o  be  damaged when i t  was  removed t h e  
first  time. Some changes  were made in  t h e  de-  
s ign  and the assembly was  in good shape  when 
removed the  second  time. 

A c a s t  A1-576 Zn blower failed a t  the  MSRE, 
throwing p i eces  of t h e  alloy into t h e  Hastelloy N 
tubing of the  salt-to-air radiator. W e  removed a l l  
of the  contaminant poss ib le  but felt i t  necessa ry  
to determine t h e  r a t e  of penetration of aluminum 
into Hastelloy N. Although there was  some reac- 
tion, the  rate of penetration was  not rapid. T h e  
radiator h a s  s i n c e  operated satisfactorily for 
severa l  thousand hours. 

Since Hastelloy N suffers reduct ions  in rupture 
life and ductil i ty when exposed t o  a neutron flux, 
we spent  considerable effort i n  developing a modi- 
fied alloy tha t  h a s  improved properties. Small 
additions of titanium, zirconium, and hafnium 
significantly reduced the  radiation damage. 

To find why Has te l loy  N is suscep t ib l e  t o  weld 
cracking, we are  looking a t  t he  e f fec ts  of t he  fi l ler  
metal composition on the  weldabili ty of standard 
Hastelloy N; the  u s e  of a n  electrode coa ted  with 
tungsten carbide looks  very promising. Hastelloy 
N modified with addi t ions  of titanium and hafnium 
seems  qui te  weldable,  but t h e  alloy modified with 
zirconium is very suscep t ib l e  to  weld-metal crack- 
ing. 

Our corrosion program h a s  been concerned with 
s a l t s  and structural  materials for t h e  future. T h e  
behavior of a new coolant s a l t ,  48NaF-3KF- 
49BF3,  i n  Croloy 9M and Hastelloy N was  t e s t ed  
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i n  thermal-convection loops.  A modified fuel salt 
containing thorium LiF-23 mole % BeF2-5 mole 
% ZrF,-1 mole % UF,-1 m o l e  % ThF,  was  also 
being t e s t e d  in loops of Hastelloy N and type 304 
s t a i n l e s s  steel. 

Advanced reac tors  will  require a graphite with 
good dimensional stabil i ty to  very high neutron 
d o s e s  and a very low permeability of 13'Xe. We 
evaluated seve ra l  new grades of graphite; none 
sa t i s f i e s  our requirements. However, we have  
continued our irradiation damage s tud ie s  and have 
measured t h e  irradiation-creep behavior of severa l  
grades of graphite as a function of temperature up 
to d o s e s  of about 2 x 10'' neutrons/cm2. T h e  
s t r e s s e s  that a re  developed as a result  of non- 
uniform dimensional changes ac ross  a graphite 
tube wall  a t  t h i s  d o s e  leve l  a r e  well  below t h e  
fracture s t r e s s .  

An integral  part of our proposed molten-salt 
breeder reactor is a graphite-to-metal joint. 
Several promising braz ing  techniques  gave sound 
jo in ts  t h a t  r e s i s t ed  a t t ack  by fluoride salts. 

35. Reactor Evaluat ion 

We have continued to a s s i s t  t h e  AEC i n  analyz- 
ing the potential  of various reactor sys tems for 
commercial exploitation by eva lua t ing  fuel fabrica- 
tion c o s t s  and fuel element performance for po- 
tential  reactor sys tems.  Our principal develop- 
ment w a s  the expansion of our library of computer 
programs for es t imat ing  fuel fabrication c o s t s  t o  
cover fast reactor fuels.  T h e s e  fue ls  present a 
unique problem in  that t he  core fuel e lements  con- 
taining recycle plutonium require remote fabrica- 
tion, while t he  radial  and the ax ia l  blanket fuel 
conta ins  depleted uranium, which c a n  b e  fabricated 
in  simple ventilated hoods. 

We continued the  evaluation of t h e  Heavy-Water 
Organic-Cooled Reactor by a s s e s s i n g  four alterna- 
t ive  fuel-element des igns  from t h e  standpoint of 
t h e  cos t  of fuel fabrication and predicted perform- 
ance.  Also ,  a s  a member of t h e  AEC Fue l  Recycle  
T a s k  Force ,  we a re  participating in the  updating 
of t he  1962 Report  to the P res iden t  on the  Civil ian 
Nuclear Power Program. We have the  responsibil i ty 
for developing fuel-fabrication c o s t s  for a variety 
of reactor t ypes  under various economic ground 
rules. 

36. Thorium Ut i l i za t ion  

To util ize thorium as a source  of energy by con- 
version to f i ss ionable  233U,  it is necessary  to  
develop economical fuels,  to characterize t h e  
physical and chemical natures of s u c h  fue ls ,  and 
to  demonstrate t he  technica l  and economic feas i -  
bility of recycling s u c h  fuels.  Our responsibili- 
t i e s  are the  characterization of fuel,  the  tes t ing  
of fuel under irradiation, and the  development of 
processes  for refabrication of fuel elements t ha t  
a r e  prototypic of des igns  useful for power reactors.  
T h e  principal current objective is to demonstrate 
the  refabrication of high-temperature gas-cooled 
reactor fuel e lements  in the  Thorium-Uranium Re- 
cyc le  Fac i l i ty  (TURF), an  $8 million research  and 
development fac i l i ty  for demonstration of pilot- 
scale processes .  I t s  construction should b e  com- 
pleted in the  Fall of 1967. Therefore,  w e  a r e  
developing remotely operated p rocesses  and equip- 
ment t o  refabricate fueled-graphite elements.  

W e  developed a variety of devices  for handling 
a large number of particles and ba tches  of par t ic les  
simultaneously.  T h e s e  developments include a 
pneumatic fuel transfer system, a high-efficiency 
shape  separa t ion  process ,  a c lass i f ica t ion  
process to  grade  uncoated and coa ted  fuel par- 
t i c l e s  within t5 p with a minimum of screen  blind- 
ing, and su i t ab le  va lves  and feeder mechanisms t o  
se rve  the  various p ieces  of the  particle-handling 
system. 

A reliable engineering-scale particle-coating 
system was  se l ec t ed ,  namely, a 5-in. f luidized 
bed. Over 400 experimental coating runs were 
made t o  def ine  t h e  coa t ing  parameters for t he  
system. A process  w a s  developed to  produce 
low-density buffer coa t ings  from ace ty lene  on 
bare 230-p-diam par t ic les  with controlled dens i ty  
from 0.4 to 1 .4  g/cm3. A technique was  de- 
veloped for applying high-density (approximately 
1.9 g/cm3) isotropic outer coatings by the  pyrol- 
y s i s  of propane and propylene in the  temperature 
range from 1200 to 15OOOC a t  coa t ing  rates up t o  
3 p/min. 

We tried to develop fas te r  and more accura te  
techniques for obtaining the dens i ty ,  anisotropy, 
and th ickness  of pyrolytic carbon coa t ings ,  and 
techniques for determination of t he  diameter of 
bare particles.  W e  investigated t h e  blending of 
two sizes of fuel particles,  one for coated fissile 
and one for fe r t i l e  fue l  particles.  T h e s e  must b e  
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homogeneously blended and bonded in fuel ho les  
t o  a packing dens i ty  of 60 to  64 vol % and then  
filled with a carbonaceous binder. After checking  
the  conventional techniques for blending par t ic les ,  
we designed and experimented with equipment for 
blending par t ic les  by controlling t h e  feed ra tes  
of the  two  different-size particles as  they flowed 
simultaneously from sepa ra t e  feed hoppers into a 
simulated fuel hole. T h e  maximum deviation from 
the  ideal blend was  less than 5%. Various f i l l e r  
materials and r e s ins  for obtaining the  bond between 
the  coated particles were studied, principally t o  
dec rease  t h e  period of time required for polymeri- 
zation of t h e  resin.  Also,  we s ta r ted  work to  non- 
destructively determine the  homogeneity of fab- 
ricated fuel s t i cks ,  us ing  through-transmission 
x-ray methods to  de t ec t  density differences caused  
by differences i n  the  packing of two sizes of 
particles. 

T h e  resu l t s  of irradiation t e s t s  continue to  
indicate that t he  sol-gel-prepared oxide fuels 
perform equivalently t o  ceramics  processed by 
other methods. A particle-performance model 
that  is des igned  t o  predict the lifetime of fuel 
particles operating a t  certain conditions w a s  
tes ted  aga ins t  ac tua l  irradiation experience; i t  
h a s  proved most helpful in the  des ign  of coated 
particles. 

Sol-gel techniques  provide high flexibility i n  
the  forming of ceramic bodies. We extruded sol- 
gel-derived materials t o  produce bodies without 
p las t ic izers  and with controlled dens i t i e s  i n  the  
range from 75 to  99% of theoretical;  in laboratory- 
scale work we produced so l id  and cored thoria ex- 
trusions in  diameters up to  >, in. and lengths to 
3 in. W e  have  demonstrated the  feas ib i l i ty  of pel- 
let izing sol-gel-derived materials t o  sintered den- 
s i t i e s  as high a s  97% of theoretical  a t  relatively 
low temperatures (llOO°C). Sphere-Pac fabrica- 
tion (the u s e  of low-energy vibratory compaction 
and two size fractions of microspheres) was  fur- 
ther demonstrated by t h e  fabrication of 33 t e s t  
rods ranging in diameter from '/4 t o  '/* in. and 
lengths up to  2 ft. T h e s e  rods packed to  a density 
of 83.5 ? 0.5%. 

T h e  irradiation t e s t ing  and evaluation of metal- 
c lad  thoria-base bulk oxide fue ls  continued. We 
initiated the t e s t  of c r o s s  progeny (Th,Pu)O, fue ls  
fabricated by t h e  Sphere-Pac technique. Thoria- 
b a s e  fue l s  have been irradiated to a burnup of 
150,000 Mwd/tonne with a l inear hea t  rating of 
400 w/cm. Successfu l  t e s t s  have been completed 

with hea t  ra t ings  of 1000 w/cm. All  of the  thoria 
under t e s t  cont inues  t o  exhib i t  exceptional per- 
formance charac te r i s t ics .  

Our b a s i c  study of the  s in te r ing  and grain 
growth of sol-gel urania microspheres led to  a 
drying and s in te r ing  schedule  that,  on a laboratory 
s c a l e ,  yielded microspheres of high dens i ty  and 
low residual carbon content.  

PART V.  OTHER PROGRAM ACTIVITIES 

37. Isotopic Power Source Development 

T h e  development of procedures for g a s  tungsten- 
a rc  welding of heavy-walled refractory-alloy (TZM) 
capsu le s  was  undertaken in a n  effort to produce 
full-penetration we lds  for conta iners  of alpha- 
emitt ing i so topes .  T h e  techniques  developed 
were shown t o  b e  f eas ib l e  and acceptab le  by 
metallographic examination and helium leak  t e s t ing  
of demonstration capsu le s .  

A second developmental welding program w a s  
aimed a t  s ea l ing  of t h e  Hastelloy C capsu le  for 
SNAP-21. G a s  tungsten-arc welding did not con- 
s i s ten t ly  produce welds  of sufficient penetration 
and still permit ultrasonic inspection. T h e s e  dif- 
f icu l t ies  were overcome by t h e  use  of electron- 
beam welding. Equipment su i t ab le  for electron- 
beam welding in  hot cells is be ing  assembled i n  
cooperation with Isotopes Division personnel. 

techniques were evaluated for the  inspection of 
capsu le  components, raw material, and welds in 
fueled capsu le s .  

A materials and des ign  study was made in sup- 
port of a Brayton cyc le  system with a radioisotope 
heat source .  Recommendations were made for t h e  
s t r  ess-bearing encapsula t ing  material  as wel l  as  
materials for a diffusion barrier, oxidation protec- 
tion, and a high emiss iv i ty  coating. 

F luorescent  penetrant and ultrasonic inspection 

38. Metallography 

T h e  time-consuming t a s k  of obtaining quantita- 
t ive  metallography d a t a  h a s  been  replaced for 
most ana lyses  by a n  image-analyzing computer. 
T h e  da ta  can  b e  obtained directly from t h e  spec i -  
men through a microscope, or with an attachment 
that accommodates all t ypes  of prints and nega- 
t ives.  Poten t ios ta t ic  e tch ing  is be ing  investigated 
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as a procedure for se lec t ive ly  etching and differ- 
entiating phases  in the microstructure. In t h e  
early s t a g e s  of experimentation, idea l  alloys have  
been se l ec t ed ;  however, sufficient work with more 
complex alloys ind ica tes  this procedure may be  
very helpful in microstructural ana lys i s .  By high- 
temperature microscopy we observed the  trans- 
formation of UAI, to  UA1, i n  a n  aluminum matrix. 
Th i s  observation of the shape  change and wedging 
process of t h e  fuel particles due t o  the  transforma- 
tion helped to  explain the swelling problem. The  
development of a chemical, and electrolytic,  and 
a protective oil method for specimen preparation 
extended our capabi l i t i es  for metallographic ex- 
amination of reactive CeC,. 

39. Rover Rocket N o z z l e  Materials 

Hastelloy X tube bundles simulating rocket noz- 
zles were cycled between - 200°F and elevated 
temperatures; endurance was related to  temperature, 
hold t ime ,  and the presence of dents  on the tubes.  
Shear-stress-strain curves were compared for un- 
irradiated and neutron-irradiated Hastelloy X 
joints brazed with three different alloys.  Tens i l e  
properties were measured a t  elevated temperatures 
for Hastelloy X and Allvac 625. Participation in 
a review of the  effects of space  environment on 
nuclear rocket materials led to  s ta r t ing  an in- 
vestigation of the  effects of gaseous  contaminants 
on adhesion of init ially atomically c lean  sur faces .  

40. Thermonuclear Project  

Both applied research  and engineering a s s i s t a n c e  
were supplied for t he  Controlled Thermonuclear 
Program. The  dec i s ion  t o  use  superconducting 
magnets has  made t h e  des ign  of components for 
u se  a t  liquid-helium temperatures necessary.  A 
weldability study of the  5083 aluminum alloy is 
summarized as a typica l  example of the  engineer- 
ing a s s i s t ance  provided. 

Because  of the importance of adsorbed gases  in 
determining the  vacuum conditions in many experi- 
mental thermonuclear devices ,  t h e  desorption of 
gases  by electron bombardment i s  of interest .  
T h e  desorption of hydrogen, deuterium, and carbon 
monoxide from tungsten by e lec t ron  impact is 
being studied. The  y ie lds  of hydrogen are of t he  
order of 2 x molecules pe r  incident electron 
(1000-ev electron energy) when the  specimen is 
a t  room temperature (with molecular hydrogen ad- 
sorbed) and about 2 x lo-' when the  specimen i s  
at 1200OK (i.e., only d issoc ia ted  hydrogen is 
present on the  specimen surface). The  y ie lds  
increase  rapidly with voltage above 300  v. The  
room-temperature yields for deuterium are similar 
t o  those  for hydrogen, while the  y ie lds  of carbon 
monoxide are more than an order of magnitude 
higher . 





Part 1. 

Fundamental Programs 





I .  Crystal Physics 

G. W. Clark 

. 

T h e  growth of s ing le  c rys t a l s  of refractory ma- 
t e r ia l s  is our cent ra l  theme. Single c rys t a l s  a r e  
often required to charac te r ize  uniquely many phys- 
ical phenomena. Some technica l  dev ices  require 
very spec i f i c  s ing le  c rys t a l s  for their operations.  
Since su i t ab le  c rys t a l s  a r e  frequently difficult t o  
obtain,  w e  a re  conducting a continuing program to 
provide c rys t a l s  needed in  research, t o  devise  and  
improve methods of c rys ta l  growth, and to  develop 
increased  understanding of c rys ta l  growth p rocesses  
and k ine t ics .  Crys ta l s  a r e  be ing  grown by seve ra l  
methods: by internal centrifugal zone  growth, from 
molten-salt so lven t s ,  from supercrit ical  aqueous 
sys tems,  and  by the  general  Verneuil method. 
Some of t h e s e  c rys t a l s  have  been used  by other 
groups in inves t iga t ions  of u s e  in a neutron-beam 
chopper, electron-spin resonance, optical  proper- 
t i es ,  deformation, f ission-gas re lease ,  magnetic 
properties, and neutron damage by x-ray ana lys i s .  
Also, we a re  investigating se l ec t ed  phys ica l  prop- 
e r t ies ,  both those  related to  the  crystal-growth 
process  and those  important for characterizing new 
compounds. 

caus ing  progress ive  melting (28OOOC) and re- 
crystall ization ins ide  a so l id  UO, she l l .  Thermal 
gradients favorable t o  the formation of a s ing le  
c rys ta l  along the  rod ax i s  a r e  promoted by rota- 
tion of the  rod. Crys ta l s  approximately 1 c m  in  
diameter and 4 c m  long  c a n  b e  grown within 2O 
of a desired orientation by seed ing  the  melt. 
The  probability of obtaining crac1,-froe laboratory 
samples  from a run was  doubled by a recent change 
to  a lower impedance induction co i l ,  which resulted 
in a lower voltage drop and hence  less likelihood 
of a rc ing  and attendant sudden temperature de- 
c reases .  

A comparison of t he  perfection of UO, c rys t a l s  
grown by th i s  method, arc-melted spec imens ,  and  
vapor-grown c rys t a l s  is under way us ing  etch-pit  
patterns,  d i s loca t ion  dens i t ies  revealed by trans- 
mission e lec t ron  microscopy, and x-ray topography. 
Preliminary resu l t s  indicate tha t  although sub- 
structure is more pronounced in  our ICZG UO, 
than in  arc-melted UO, (from Bat te l le  Northwest), 
the  dislocation dens i t i e s  a re  comparable (approxi- 
mately 106/cm2),  and fewer inclusions e x i s t  i n  
the ICZG crys ta l s .  Good correlation w a s  obtained 
among the  three  ana lys i s  techniques.  

Melts of UO,-ThO, so l id  solution of up to 60% 
T h o ,  have been made us ing  the  ICZG technique. 

INTERNALCENTRIFUGALZONEGROWTH 
OF UO CRYSTALS 

Single-crystal g ra ins  up to 3 mm in diameter and  
10 mm long  have  been grown of U0,-50% Tho , .  

T h e  ana lys i s  of t h e  effect  of the  interrelated 

e lec t r ica l  and thermal properties of the  material 
to b e  melted, and t h e  chemical and mechanical 
controls) on the  process  is continuing. 

We supplied UO, s ingle  c rys ta l s  grown by t h e  
internal centrifugal zone  technique to workers in 

D. E. A .  T. Chapman' G' w* 'lark 

W e  a re  continuing the study Of the crysta1 growth var iab les  (frequency, power level,  coil design, 
of UO, by our internal centrifugal zone  growth 
(ICZG) technique.'  A preheated UO, rod moves 
slowly through a radio-frequency induction co i l ,  

'Consultant from Georgia Insti tute of Technology, 
Atlanta. both th i s  and other laboratories. Studies under 

'A. T. Chapman and G. W. Clark, Metals a n d  Ceramics way on these include creep properties, 
Div. Ann. Progr. Rept.  June 30, 1965,  ORNL-3870, pp. 
3-4. dislocation movement, diffusion measurements, 
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infrared spectroscopy, thermal conductivity, crys- 
tall ine perfection, and fission-gas release. 

THE GROWTH OF RODANDLAMELLAR 
EUTECTIC CERMETS 

D. E. Hendrix A. T. Chapman' G. W. Clark 

A eutec t ic  structure resulted from ICZG in a 
pressed bar containing a mixture of UO, with 
12.5% W. The  unidirectional solidification in- 
herent in our process  yielded pronounced align- 
ment of rods of the  tungsten second phase  in the  
UO, matrix. Figure 1.1 shows such  a region. A 
lamellar structure was  a l s o  observed in the l a s t  
small  regions t o  solidify (see Fig.  1.2). Runs 
containing 5, 9, and 12% W indicated a eu tec t ic  
composition a t  roughly 10% W and yielded rods 
from 1 t o  2 p in diameter with a length-to-diameter 
ratio on the order of 50 and spac ing  of about 4 to  
5 p. Thermal conductivity was  improved about 30% 
in  the  direction of the rod axes .  Also, with proper 
manipulation of the ava i lab le  parameters, we be- 
l ieve we can  control the bulk orientation or the  
eu tec t ic  structure sufficiently to  increase  t h e  
radial heat transfer significantly in a large- 
grained UO, bar. 

Fig. 1.2. Tungsten P la te le ts  in  UO Matrix.  5 0 0 ~ .  2 
Dark field. 

T h e s e  ear ly  resu l t s  a re  most impressive,  and the  
broad implication of controll ing rod and lamellar 
structures in cermets  is exciting. 

MOLTEN-SALT GROWTH OF SINGLE 
CRYSTALS 

C. B. F inch  G. W. Clark 

Probably our most significant accomplishment 
in the area of flux c rys ta l  growth was  t h e  growth 
of 2-mm T h o P  s ing le  c rys ta l s  doped with the  ra- 
dioactive isotope 4Cm (Cm: Th: : 1:3000). T h e  
growth method h a s  been  described. Because  of 
the radiation hazard,  the c rys ta l s  were grown in 
an i so la ted  glove box containing a platinum-wound 
thermal-gradient furnace and necessary  equipment. 
This  was  the f i r s t  experiment performed in the new 
Transuranium Research  Laboratory. 

The  result ing octahedral Cm3 '-doped T h o z  crys- 
t a l s  were init ially pink but became nearly color- 
l e s s  after severa l  hours a t  room temperature. Lurni- 
nescent and absorption spec t ra  s tud ie s  are now in 
progress - da ta  have  been obtained a t  room and 
liquid-nitrogen temperatures. An electron-spin 

Fig. 1.1. Aligned Tungsten Rods in  U02. 500x. 
Dark field. 

3C.  B. Finch and G. W. Clark, J. A p p l .  Phys.  36(7) ,  
2143-45 (1965). 
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resonance examination of the c rys ta l s  at a t e m -  
perature of 1.5OK revealed the one isotropic peak 
predicted for tr ivalent curium, with a measured 
spectroscopic sp l i t t ing  (Zeeman) factor of g = 

4.488 f 0.002. 
Single c rys ta l s  of the ferrimagnetic sp ine l  

7 L i F e 5 0 8  were grown as octahedra up to 1 c m  
on edge  from Li ,O.  2B,03  4 P b 0  a t  900 to 1150°C. 
However, t hese  c rys ta l s  do  not scatter neutrons 
suitably to qualify for the  neutron-chopping device  
for which they were desired.  Attempts to  improve 
the neutron-scattering charac te r i s t ics  of flux-grown 
LiFe50, by adding TiO, or C o z 0 3  t o  the  melt l ed  
to growth of c rys ta l s  of size and quality unaccept- 
able for init ial  testing. 

LiErMo20s,  of schee l i te  structure,  were grown up 
to 5 mm in s i z e  from L i ,O .  2Mo03 solvent a t  1150 
to 900OC. The  c rys t a l s  display marked magneto- 
crystall ine anisotropy and will be  used for mag- 
netic suscept ib i l i ty  s tud ies .  

Described techniques3s4 were used to grow CeO, 
and Tho ,  s ing le  c rys ta l s  up t o  3 m m  in s i z e  doped 
with uranium [U:(Ce or Th)::l:200]. T h e s e  c rys ta l s  
were subjec ted  t o  electron-spin resonance and op- 
t ical  absorption s tud ie s .  Crys ta l s  of CeOz grown 
from our pures t  Li,O . 2W0, vary from color less  to  
pa le  blue. To s e e k  t h e  origin of the blue color, 
CeO, c rys ta l s  were grown from a L i z O .  2WO3-CeO2 
solution doped with 10% LiF. T h e  result ing CeO, 
c rys ta l s  were intensely blue in color. Efforts to  
characterize the  absorption are planned. Crys ta l s  
of CeO, doped with the  isotope 61Dy and T h o z  
doped with 144Nd were grown for electron-spin 
resonance s tudies .  

Crys ta l s  of a hitherto unreported compound, 

Paramagnetic Resonance of Gd3' 
in CeO,  Single c r y s t a l s '  

M. M. Abraham6 
L .  A. Boatner7 

C. B. Finch 
E .  J. L e e 6  

R. A. Weeks6 

W e  incorporated Gd3' into s ing le  c rys ta l s  of CeO, 
(fluorite structure) in cubic  sites and observed t h e  
ESR spectrum. The  temperature dependence of the 
cubic c rys t a l  sp l i t t ing  was  measured from room tem- 
perature to approximately 2'K and va lues  of g ,  t he  
fourth order parameter c ,  and the s ix th  order param- 
eter d in t he  sp in  Hamiltonian treatment for the  
crystal  field potential  were obtained with a com- 

puter program. The  parameters c and d had the  
same s ign ,  and intensity observations of the tem- 
perature dependence of the  resonance absorption 
l ines  showed tha t  c was  negative. The  tempera- 
ture dependence of the  to ta l  sp l i t t ing  for the mag- 
netic field parallel  to [loo] was  similar to tha t  
observed in Gd3 ':Thoz. Forbidden t rans i t ions  
with lAMsl > 1 were observed a s  well as axial  
spectra in heavily doped crys ta l s .  L ines  due to 
transit ions with h Ms = +4  were identified in  both 
Tho ,  and CeO,. 

Electron Spin Resonance Spectra of Dy3' 
i n  Tho, and CeO, (ref.  8) 

M .  M. Abraham6 
C. B. F inch  

L. J. Raubenheimer' 
2. M. El Saffar" 

R. A. Weeks6 

Single c rys t a l s  of Tho ,  and CeO, (fluorite struc- 
ture) doped with 0 .5  at. % impurities of isotopically 
enriched Dy3' (94% even-even isotopes) were grown. 
Measurements of ESR a t  2' 10 Gc and liquid-helium 
temperatures revealed spec t ra  with symmetry a x e s  
along the  4 c rys ta l  11111 axes .  For T h o ,  g , ,  = 

1.625 k 0.002, g, = 9.95 i 0.05; and for CeO, g , ,  = 

An additional l ine  is observed and attributed t o  a 
'/z --f - '/z transit ion between the  l eve l s  of a ground 
s t a t e  r8 quartet  in a cubic  crystal  f ield.  For  Tho , ,  
g [ l o o ]  =4 .566 ,  g [ l l l l  =4 .323 ,  g [ l l o l  ~ 4 . 3 8 6 ;  

1.632 t 0.002, gL= 9.98 k 0.05. 

and for CeOz ,  g [ 1 = 4.433, g [ 1 = 4.401, 

g [ 
sufficient for a calculation of the ratio of the  cub ic  
c rys ta l  f ield 4th and  6 th  order parameters. At 

3 = 4.411 with 0.1% error. T h e s e  da ta  a r e  
110 

4C. B. F inch  and G. W. Clark, J. Appl. Phys.  37(10), 

'Abstracted from J. Phys.  Chem. Sol ids  28, 81-92 

%olid S ta te  Division. 
7Vanderbilt University; part of th i s  work was  sub- 

mitted i n  partial  fulfillment for the requirements of t h e  
Ph.D. degree at Vanderbilt University. Current address:  
Ling-Temco Vought Research Center, Dallas.  

%ubmitted for publication in The  Phys ica l  Review; 
presented a t  XIV Colloque Ampere, Sept. 6-11, 1966, 
Ljubljana, Yugoslavia. 

Visitor in Solid S ta te  Division from Republic of 
South Africa. 

"Visitor in Solid S ta t e  Division on IAEA Fellow- 
ship, Iraq. 

3910 (1966). 

(1967). 
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20°K no  spec t r a  were observed, which made i t  im- 
poss ib le  t o  de tec t  a low-lying r7 doublet  as  ob- 
served  in the  case of the  isomorphous CaF, .  All 
l ine widths were larger t han  those  for other rare- 
earth ions  in  t h e s e  c rys t a l s  and  were 20 to  40 
gauss.  

HYDROTHERMAL SYNTHESIS 

Lanthanide( I I I)-Doped Y OOH 

0. C. Kopp" G. W. Clark 

T h e  growth .of single-crystal  lanthanide oxyhy- 
droxide (LnOOH) c rys t a l s  up t o  2.5 mm w a s  re- 
ported previously. " Further s t u d i e s  reveal tha t  
analogous c rys ta l s  of YOOH (up to about 2 mm) 
c a n  also b e  grown from LiOH solvent  and doped 
with various Ln3'  ions. W e  conclude  from analyzed  
samples  of Gd3 '-doped YOOH that the  equilibrium 
distribution coef f ic ien t  of Gd3 + relative to Y + is 
c lose  to 1, as was  to b e  expected. Correspondingly 
a v isua l  change in  color intensity was  observed for 
YOOH doped with various amounts of E r 2 0 3 .  W e  
should be  ab le  t o  grow other L n 3  +-doped c rys t a l s  
to about 2 mm for electronic-state s tud ie s  of t h e s e  
ions in a dilute s t a t e  in t h i s  c rys ta l  environment. 

Synthesis of Grunerite and Other Phases 
in the System SiO,-NaOH-Fe-H,O Near the 

Critical Temperature of Water ' j  

0. C. Kopp' ' L. A. Harr i s I4  

T h e  amphibole grunerite, Fe,(Si,O, ') (OH)2, w a s  

synthes ized  in the  sys t em SiOz-NaOH-Fe-H,O under 
dynamic conditions near  t h e  c r i t i ca l  temperature of 
water at a to ta l  p ressure  of about 1.6 kilobars.  T h e  
grunerite was  most abundant near t he  b a s e s  of t h e  

' 'Consultant from the University of Tennessee ,  
Knoxville. 

l 2 0 .  C. Kopp and G. W. Clark, Metals a n d  Ceramics 
Div. Ann. Progr. Rept.  June 30, 1966,  ORNL-3970, p. 4. 

13Presented a t  the  Southeastern Section of the Geo- 
logical Society of America, Ta l lahassee ,  Florida, 
March 30-April 1, 1967; summarized from article ac- 
cepted for publication in The  American Mineralogist. 
' 4X-Ray Diffraction Group. 

v e s s e l  (400 to 430OC) but also occurred i n  the  upper 
part  of t he  v e s s e l s  (360 to  41OOC). It is supplanted  
by micaceous p h a s e s  resembling Na-nontronite (or 
vermiculite) and  sti lpnomelane and  a n  unusual fi- 
brous "glass" in  t h e  upper part  of t h e  v e s s e l s .  
The role of sodium ions  in  the  formation of gru- 
nerite and t h e  micaceous p h a s e s  w a s  demonstrated 
by similar experiments us ing  KOH as a solvent;  
t h e s e  produced only the  mica ferriannite.  

Further Studies in the System 
RbOH-Si0 ,-Fe ,O ,/Fe-H 2O 

0. C.  Kopp" G. W. Clark 
L. A. Harris14 

T h e  p resence  of a s t eep  boundary curve  between 
rubidium iron mica and  rubidium iron zeo l i t e  w a s  
reported previously. ' 
the temperature of t h e  boundary curve is ra i sed  
approximately 5OoC i f  Fez03 is p resen t  in the  nu- 
trient in addition to  the  iron ava i lab le  from the  
l iner wal l s .  Additional p h a s e s  have been noted 
in the  sys tem,  including a d is t inc t ly  greenish mica 
a t  temperatures below 35OOC and both a fe ldspar  
and a poss ib l e  pyroxene phase  at temperatures 
above 475OC. 

Further study sugges t s  tha t  

CRYSTAL GROWTH BY THE VERNEUIL 
METHOD 

G. W. Clark 

An electromagnetic neutron-beam chopper h a s  
been proposed by H. A. Mook. ' T h e  heart  of t h i s  
proposed dev ice  i s  a s ingle  c rys ta l  of certain mag- 
ne t ic  oxide sp ine l  s. Historically,  Verneuil- grown 
crys ta l s  have not had adequate  c rys ta l l ine  per- 
fection to  meet the  spec i f ica t ions  s e t  for t h i s  de- 
vice. When flux-grown c rys t a l s  failed for other 
reasons  to  meet the  spec i f ica t ions ,  we decided to  
t e s t  th i s  method and  our sk i l l .  Thus ,  us ing  a n  

"0.  C. Kopp, G. W. Clark, and S. D. Fulkerson, 
Metals and Ceramics Div. Ann. Progr. Rept.  June 30, 
1964, ORNL-3670, p. 8. 
' 6Pr iva te  communication with H. A. Mook, Solid S ta te  

Division. 



7 

oxyhydrogen Verneuil furnace designed earlier,  ' 
we embarked on th i s  cooperative program. 

For  evaluation, we have grown the following fer- 
r i t es  (spinels): nickel-zinc,  titanium, iron-lithium, 
and lithium. In general t hese  c rys ta l s  have been 
greater than 8 mm i n  diameter and 20 mm long. 
Initial resu l t s  have been most encouraging. An 
iron (7Li) ferrite c rys ta l  grown on a [331] s e e d  
held th i s  orientation and was 1 c m  in diameter 
and 8 c m  long. T h e  neutron-rocking curve l ine  
width w a s  0.31O and the  neutron L a u e  diffraction 
l ine  was  sharp and straight.  Th i s  c rys ta l  was  
judged good enough to  be in the  f i r s t  mockup of 
the electromagnetic neutron-beam chopper. Other 
c rys t a l s  will be  grown to ad jus t  t h e  composition, 
perfection, and size to  optimize the  c rys ta l s  for 
th i s  device.  

"R. A. Lefever and G. W. Clark, Rev. S c i .  Instr. 33, 
769 (1962). 

MAGN ET IC PROP E R T I ES 

H. M. Smith G. W. Clark 

An electromagnet with shaped  4-in.-diam pole 
faces and a microbalance were s e t  up and cali-  
brated for measuring the  temperature dependence  
of the  magnetic susceptibil i ty and magnetization 
of s m a l l  samples .  The  temperature range poss ib l e  
with th i s  equipment is from 77 to 1000OK. W e  can  
measure the  saturation magnetization of the fe r r i tes  
to a precision better than 1%. We are measuring the  
temperature dependence of t h i s  property for our fer-  
rite s ing le  c rys ta l s  a s  related to  composition, 
growth conditions,  and heat treatments in order to  
optimize their magnetic character for the  neutron- 
beam chopper. 
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2. Deformation and Annealing of Metals 
C. J .  McHargue 

Our s tud ie s  a re  directed toward finding the  prin- 
c ip les  underlying the  atom movements tha t  occur 
during deformation, annealing, and  phase trans- 
formation in so l ids .  We use  these  principles to 
correlate the  phys ica l  and mechanical properties 
with the  microstructure and t o  obtain spec i f i c  
properties by su i tab le  thermal and  mechanical 
treatments that  modify the microstructure. During 
th i s  report period we continued t o  s tudy  migration 
of grain boundaries during annea l ing  and the de- 
formation of body-centered cubic  metals.  

DEVELOPMENTOF PREFERREDORIENTATION 
IN COLD-ROLLED NIOBIUM' 

J. C.  Ogle R.  A. Vandermeer 

We have continued our investigation of the de- 
velopment of preferred orientation in cold-rolled 
polycrystall ine niobium. In general ,  the  pole 
figures could be interpreted as  ridges of various 
idea l  orientations that spread  between two low- 
index orientations as  end points.  E a c h  of the  
orientations a long  the  ridges and between the two 
ideal end-point orientations s h a r e s  a common crys-  
tallographic direction with all  other orientations in 
the spread  and  thus is related to  the  o thers  by a 
simple rotation about t h i s  direction as a n  ax is .  
Two families of orientation sp reads  a re  required 
t o  descr ibe  the  texture of cold-rolled niobium. 

F igure  2 .1  shows  the  (IlO), (ZOO), and (222) 
x-ray diffraction pole figures of the center  material  
for the  most heavily deformed specimen in  th i s  
study (99.5% reduction in  thickness).  The  two 
sets of dashed l ines  follow the ridges ,that repre- 
s e n t  the  orientation spreads .  The  stronger of 

'Summarized from paper submitted for publication. 

t hese  two sp reads  is represented by the  long 
dashed  l ines  and is des igna ted  as texture A; the  
weaker one, des igna ted  a s  texture B, is shown as  
short  dashed l ines .  T h e s e  two sp reads  a r e  l i s t ed  
in T a b l e  2 .1 ,  which identifies t he  idea l  orienta- 
t ions serv ing  as  end points and their  common crys-  
tallographic rotation ax is .  T h e  descr ip t ion  of the  
pole figures for t h i s  material in terms of orientation 
spreads  a lone  is not entirely sa t i s fac tory ,  s i n c e  
there a r e  also some d i sc re t e  in tens i ty  peaks  in  the  
pole figures.  T h e  idea l  orientation (113)[i10] and 
(113)[1iO] will  account  for most of t h e s e  peaks ,  
and the  remaining ones result  from the  superposi-  
tion of the orientation sp reads  of texture A and 
texture B. 

textures for heavily cold-rolled niobium is quite 
complex; however, some generalizations can  be 
made. After aboilt 60% reduction in th ickness  t h e  
relative s t rength  of texture B is greater than tha t  
of texture A ,  and the  idea l  orientations (113)[i101 
and (113)[1TO! a re  not present.  Orientations of 
the  type { O O l ! ( l l O )  appear  t o  b e  quite s t rong  at 

An ana lys i s  of the development of t h e s e  cen te r  

T a b l e  2.1. Descript ion of the Orientat ion Spreads 

in  the Texture of Heav i ly  Ro l led  Niobium 

End Point 
Orientations Texture 

Common 
Crystallographic 

Directions 

[ i i o l  
[ i i o l  

near [ 3021 
near [ 0321 
near [ 3021 
near [ 0321 

8 
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O R N  L- DWG 67- 1851 
. -. . . .... . . . . OR1 E N  TAT ION SPREAD 

ABOUT ROTATION AXES B 

+ + O  
A 

TD N 

(222)  
RD 99.590 

Fig. 2.1. T h e  ( 1  lo),  (200), and (222)  Po le  Figures of the Center of a Cold-Rol led Niobium Sheet Reduced 99.5% 
in Thickness. 

all reductions between 60 and 99.5%. While many 
of the  grains apparently rotated to t h e s e  orienta- 
t ions during rolling, t hese  orientations neverthe- 
less tended to be  unstable and rotate toward 11121 
(110) orientations. In the  intermediate-to-heavy 
deformation phase  of texture development, the  
(1121 (110)  orientations play a key roll. Generally, 
material tended to  reorient t o  t h e s e  orientations.  

It should be remembered that the (112)(110) ori- 
en ta t ions ,  which se rve  as end points of the  spread  
of texture B, a re  also members of texture A. How- 
ever ,  a f te r  very high deformation even  these  ori- 
en ta t ions  exhibited some degree of instabil i ty and 
the  (113](  110) orientation emerged as the  main 
texture component. 

, 
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ORNL-DWG 67-1855 

I \ 

Fig.  2.2. T h e  (110). (200), and (222) Po le  Figures of Surface Texture Developed in  Cold-Rol led Niobium Sheet 

at 96.8% Reduction i n  Thickness.  

The  textures developed at the surface of cold- 
rolled niobium are  identical  to  those  a t  the s t r ip  
center for reductions in th ickness  up to  87%. A t  
higher reductions a new texture, which is d is -  
tinctly different from tha t  a t  the  center ,  appears 
a t  the sur face .  Th i s  texture becomes more prom- 

inent with increas ing  deformation up t o  96.8% 
reduction, where i t  reaches  its grea tes t  intensity.  
Figure 2.2 shows the  (110), (200), and (222) pole 
figures of t h i s  new surface texture. Our interpre- 
tation of t hese  pole figures ind ica tes  that  the 
pair of idea l  orientations (011) [ 3111 and ( O i l )  
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1311 1 b e s t  descr ibe  the  s t ronges t  components of 
the su r face  texture. Other orientations in the 
pole figure a re  (001) [ T l O ] ,  (001) [TOO], and the  
pair (112) [ T i l ]  + (112) [ i l i ] ,  but a l l  of t hese  
a re  considerably weaker than the  stronger com- 
p onen t . 

the  sur face  of cold-rolled niobium toward the  
center of the  shee t .  

We a r e  determining how the texture varies from 

RECRYSTALLIZATION AND THE ROLE 
OF PRECIPITATE PARTICLES 

IN GOLD-DOPED ZONE-REFINED ALUMINUM~ 

R. A.  Vandermeer 

Both the  ra te  of recrystall ization and the rate of 
its component process ,  grain-boundary migration, 

'Abstract of paper presented a t  Annual Meeting, 
AIME, Los Angeles,  February,  1967, and submitted 
for public a t i  on. 

were found t o  depend on thermal history prior t o  
deformation in dilute a l loys  of gold in zone-refined 
aluminum. For  a given composition, t h e s e  ra tes  
appear to  be governed by whether the gold atoms 
are  in solid solution or present in precipitate par- 
ticles. The  ra tes  varied inversely with the  degree 
of supersaturation of the deformed matrix. No  
change in either the  mode of recrystall ization or 
the number of recrystall ization nuclei  due to  the  
presence of precipitate particles was  detected.  
Specimens containing the most precipitate par- 
t i c l e s ,  (i.e.,  the l e a s t  supersa tura ted)  showed 
about the  same ra tes  of boundary migration a s  
zone-refined aluminum. T h i s  sugges t s  tha t  the 
precipitate particles themselves  have l i t t le  effect  
on the  boundary-migration rate in th i s  case and 
act only a s  d i sposa l s  for the  purification of the 
solid-solution matrix. The  observations agree 
quali tatively with the  impurity-drag theory of grain- 
boundary migration. 



3. Deformation of Crystalline Solids 

R. 0. Williams 

We are  concerned primarily with the  deformation 
of metals  and a l loys ,  espec ia l ly  the  effect of 
structure on mechanical properties. During recent 
years ,  considerable effort h a s  been devoted to 
measuring t h e  change in internal energy during 
deformation. Work is currently being finished on 
the  nature of the  tex tures  formed during rolling, 
with particular emphas is  on developing powerful 
analytical  methods for transforming x-ray data into 
biaxial  po le  figures. We presently have  consider- 
ab le  in te res t  in the  structure of solid solutions and 
precipitation sys tems.  

ANALYTICAL METHODS OF REPRESENTING 
TEXTURE DATA’ 

R. 0. Williams 

Process ing  of c rys ta l l ine  materials l eads  to non- 
random orientations of c rys ta l s .  Knowledge of 
t h i s  nonrandomness, o r  texture, is of considerable 
importance in  understanding the  processing and in 
the  application of materials. Textures  are gener- 
ally studied by x-ray diffraction, but t h e  data do 
not give directly the  identity of the  orientations.  
W e  have been concerned with methods of convert- 
ing such  da ta  into complete texture information. 

T h e  orientation of one  ax i s  relative to  a s ing le  
grain is represented by a point in t h e  crystallo- 
graphic unit tr iangle for t he  sys tem.  It follows 
tha t  a la rge  collection of grains exhibit ing sym- 

’Summarized from the papers by R. 0. Williams, “Ana- 
lytical  Solutions for Representing Fiber Textures a s  
Axial Pole  Figures,” to be  published in  Journal of A p -  
plied Phys ic s ;  “Analytical  Methods for the Quantitative 
Representation of Complex Textures  by Biaxial  Pole  
Figures.” (in preparation); and “The Representation of 
Rolling Textures of Copper, B r a s s  and Aluminum by 
Biaxial  Pole  Figures,” submitted to  Transactions of the 
Metallurgical Society of AIME. 

metry around an ax i s  (i.e.,  a fiber texture) can  b e  
represented by a cont inuous function over  t h i s  
triangle. Such a figure h a s  previously been known 
a s  an inverse  pole figure, but t he  term “axial  pole 
figure” is now preferred. 

Fo r  tex tures  showing lower symmetries, i t  is 
necessary  to define the  orientation of a second 
ax is .  T h i s  requires tha t  the  unit tr iangle be  ex- 
tended by a new angular variable.  T h e  resulting 
figure is termed a biaxial  po le  figure. 

T h e  experimentally access ib l e  x-ray da ta  cor- 
respond to  certain kinds of averaging along l i nes  
in the  axial  or biaxial  pole figures; hence,  t h e  in- 
tens i ty  da t a  cannot  be  directly converted into the  
des i red  figure. Rather,  one  must deduce the opti- 
mum distribution tha t  will reproduce t h e  data. 
Originally th i s  was  done by trial-and-error methods 
for the  axial  case,* but biaxial  pole figures a re  so 
complex that such  methods a re  very unpromising. 
T h e  only analytical  method tha t  h a s  been  used  
previously employs the  Legendre  polynomials of 
spher ica l  harmonics. 3-5 T h i s  method h a s  worked 
more o r  less satisfactorily for the  ax ia l  case and 
h a s  been formally proposed6s7 for the biaxial 
c a s e ,  but no solution h a s  been evaluated. 

Our new methods have  resu l ted  in marked im- 
provements. In the  f i r s t  p lace ,  a general  series 
solution can  be  used  in p l ace  of t he  spec ia l ized  

L. K. Jetter,  C. J .  McHargue, and R. 0. Williams, 

3H. J. Bunge, Monatsber. Deut.  Akad. Wiss. Berlin 

2 

J.  A p p l .  Phys .  27, 368 (1956). 

1, 27, 400 (1959). 

4R. J. Roe and W. R. Krigbaum, J .  Chem. Phys .  40, 
2608 (1964). 

’P. R .  Morris, J. A p p l .  Phys .  37, 358 (1966). 

6H. J. Bunge, Monatsber. Deut. Akad. Wiss. Berlin 

7R. J.  Roe, J .  A p p l .  Phys .  36, 2024 (1965). 
3, 97 (1961). 

12 
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Legendre solution, and t h e  input d a t a  c a n  b e  
weighted so as to  obtain a s t a t i s t i ca l ly  superior 
answer. Also  the  solution c a n  b e  performed for 
a set of points without recourse  to  a mathematical 
model. A more accura te  solution by t h i s  method 
h a s  not been proved poss ib le ,  but t h i s  method is 
e a s i e r  t o  s e t  up for computation. T h e  equations 
for ca lcu la t ing  t h e  s tandard  deviation for all three  
so lu t ions  were derived. 

Formally, the  biaxial  case is handled the  same  
as  t h e  ax ia l  case. The re  is, however, a signifi- 
can t  difference in  t h e  degree of complexity. T h e  
Legendre method is so complex tha t  no solution 
h a s  yet been obtained. While t h e  s e r i e s  method 
is surely applicable,  it  h a s  not ye t  been tried. 
T h e  method in  which va lues  a re  ca lcu la ted  with- 
ou t  a mathematical model becomes impractical. 
W e  developed an alternate method and find it to b e  
very powerful. In t h i s  method, t he  va lues  of t h e  
dens i ty  a t  a s e t  of points over t he  b iax ia l  volume 
are  es t imated  i teratively from t h e  difference be- 
tween the  experimental and ca lcu la ted  intensity 
a t  t he  poin ts  corresponding t o  t h e  b iax ia l  point. 
T h i s  solution converges to  a leas t - squares  solu- 
tion. One important feature of t h i s  solution is 
tha t  meaningless  negative va lues  a re  prevented. 
T h i s  is not poss ib l e  by the  o ther  methods. 

of copper, aluminum, and brass .  T h e  resu l t s  
showed tha t  prior texture ana lyses  a re  only fair. 
T h e  tex tures  cons i s t  of continuous sp reads  of ori- 
entation, which run through o r  near most of t h e  
idea l  orientations previously proposed but inc lude  
o ther  orientations.  A cube texture h a s  been identi- 
f ied for t he  first  t ime in copper and aluminum; its 
dens i ty  is slightly less than random. 

T h i s  method w a s  applied to  t h e  rolling textures 

DEFORMATION ANDFRACTURE OF ALLOYS 
STRENGTHENED BY SPINODAL 

DECOMPOSITION 

R. W. Carpenter 

T h e  structural  changes  a s soc ia t ed  with 
spinodal precipitation reac t ions  in metall ic al- 

about l o 5  p s i  a t  room temperature were obtained 
for an alloy containing 60% Au and 40% P t  in  an  
earlier investigation. T h e  e f fec t iveness  of t h i s  
reaction as a strengthening mechanism in severa l  
o ther  alloy s y s t e m s  is t h e  b a s i s  of t h e  present  in- 
vestigation. In particular,  t he  strengthening is 
expec ted  to depend on t h e  wave length and ampli- 
tude of t he  composition fluctuations induced by 
spinodal decomposition. T h e  alloy sys t ems  cho- 
s e n  for t h e  present  work permit t he  variation of 
t h e s e  two parameters over  an appreciable range 
and thus  permit an evaluation of t h i s  strengthen- 
ing  mechanism. 

Two different fracture mechanisms have  been 
observed in  spinodally strengthened alloys. T h i s  
first  is intergranular shear ,  and i t  r e su l t s  in ab- 
normally short  elongation to fracture. T h e  second 
is the  usua l  transgranular shea r  type, resulting in  
total  s t r a ins  to failure of 10% or  more. Which of 
t h e s e  two modes is dominant appears  to depend on 
the  amount of incoherent grain-boundary precipi- 
tat ion occurring simultaneously with spinodal de- 
composition within t h e  gra ins  and on  t h e  res i s tance  
of t he  grain-boundary precipitate to p l a s t i c  flow 
relative to  the  surrounding grains. T h e  effect  of 
prior hea t  treatment upon fracture mode in severa l  
a l loys  of spinodal type is being investigated using 
drop- and step-quenching techniques.  

ROLLING AND R ECRY STALLlZATlON 
SUBSTRUCTURE IN VERY THIN FOILS 

OF COPPER AND IRON9 

R. W. Carpenter J .  C. Og le”  

Annealed polycrystall ine s h e e t s  of copper and 
iron were reduced to a th ickness  of 2 p by a pack- 
rolling process.  T h e  substructure formed during 
both straight and c r o s s  rolling a t  reductions of 
98.5% w a s  inves t iga ted  by transmission electron 
microscopy; deformation and recrystall ization tex- 
tu res  were determined by an x-ray diffraction 
method. In the  rolled condition neither copper nor 

8 loy  sys t ems  a r e  of the  same type  a s  those  re- 
quired to impede the  movement of d i s loca t ions  
during p l a s t i c  flow. I t  h a s  been shown experimen- 
tally that spinodal decomposition is an ef fec t ive  

R. W. Carpenter, “Deformation and Fracture of Gold- 
Platinum Polycrystals Strengthened by Spinodal Decom- 
position,” Acta  Met 15, 1297-308 (1967). 

’Abstract of paper to be presented at  the  1967 F a l l  
Meeting of the Metallurgical Society, Cleveland, Oct. 

strengthening mechanism for certain gold-platinum 
and aluminum-zinc alloys.  

16-19? 1967. 

Yield s t rengths  of “Structure of Metals Group. 
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iron exhibited the  dislocation “cell” structure 
charac te r i s t ic  of t h e s e  materials i n  thick deformed 
specimens.  Both showed la rge  a reas  of high d is -  
location density with no regular geometric arrange- 
ment definable. In addition, copper, and to  a 
l e s s e r  extent iron, contained groups of polygonized 
subgra ins  with sharp boundaries after rolling at 
room temperature. Cross  rolling favored the ap- 
pearance  of the  polygonized subgrains.  T h e  cop- 
per developed a duplex deformation texture com-  
posed of (001) [io01 and (001) [ i l O ] .  T h e  (001) 
[i 101 component was  uns tab le  under c r o s s  rolling. 

T h e  (1231 (421) type  texture usua l ly  reported for 
rolled copper was  not observed. Iron developed a 
(001) [I101 texture during rolling. During annea ls  
at relatively low temperatures,  both meta ls  re- 
c rys ta l l ized  eas i ly  with t h e  subsequent  growth 
of  gra ins  considerably larger than t h e  shee t  thick- 
n e s s .  Recrys ta l l iza t ion  tex tures  were similar t o  
those  reported for bulk materials.  T h e  variation 
of the  observed subs t ruc tures  with specimen thick- 
n e s s  and deformation temperature a re  d i scussed  
and compared to  t h e  behavior of bulk metals.  

. 



4. Diffusion in Solids 

T. S. Lundy 

I 

! 

I t  

i 
1 . .  

P a s t  ac t iv i t ies  have been concerned primarily 
with self-diffusion in pure subs t ances  with e m -  
phas is  on the refractory body-centered cubic 
metals and the  temperature dependence of their 
diffusion properties. Other s tud ie s  have been 
on cation diffusion in UO,, on the  Ludwig-Soret 
effect  in so l id s ,  and on the  e f fec ts  of radiation 
on diffusion. Herein we report experiments on 
self-diffusion in the body-centered cubic phase  
of titanium-vanadium a l loys  and in the body- 
centered cubic  and face-centered cubic phases  
of manganese.  Characterization of the “near- 
surface e f fec t”  for so lu te  diffusion in s i lver  and 
in gold is a l s o  reported and the  poss ib le  mech- 
anisms a re  noted. Experiments were recently 
s ta r ted  on uranium diffusion in UN and UO,. 
Other experiments in preliminary s t a g e s  include 
tracer diffusion s tud ie s  in tungsten (a joint ef- 
fort with R. E .  Pawe l  of the Reac t ions  a t  Metal 
Surfaces Group, Chapter 13) and the  effect  of 
hydrostatic pressures  on diffusion in body-cen- 
tered cubic  metals and a l loys .  

SEL F-DI F FUSION IN BODY-CENTER ED 
CUBIC TITANIUM-VANADIUM ALLOYS’ 

J. F. Murdock’ C. J. McHargue 

T h e  self-diffusion coefficients for titanium 
and vanadium diffusing in the body-centered cubic  
titanium-vanadium a l loys  a t  10% increments over 

tinuously curving line when plotted as In D versus  
1 /T .  

The  effect  of titanium on diffusion in vanadium- 
rich a l loys  appears  to be primarily a reflection of 
melting-point effects. In the titanium-rich a l loys ,  
however, there a re  large e f fec ts  in addition t o  
those a s soc ia t ed  with melting points. We sugges t  
that  strong impurity-vacancy complexes form in 
the titanium-rich a l loys ,  and the rate-controlling 
s t e p  for both solvent and so lu te  migration is the  
rate of dissolution of t hese  complexes. 

SELF-DIFFUSION IN MANGANESE 

J. Askil13 

Experiments on the diffusion of 54Mn in poly- 
crystall ine manganese were completed. Diffusion 
coefficients varied from 8 x l o d 7  cm2/sec a t  
124OOC to  1 x cm2/sec a t  117OOC for the  
body-centered cubic  de l ta  phase  and from 3 .5  x 

cm2/sec a t  
112OOC for the face-centered cubic gamma phase.  
Of particular in te res t  is the fac t  that the diffusion 
coefficients are higher in th i s  sys tem for the  more 
densely packed and lower temperature face-cen- 
tered cubic phase.  

cm2/sec a t  115OOC to  2 x 

THE NEAR-SURFACE EFFECT 

the entire composition range were studied a s  func- 
t ions of temperature up t o  within 50 t o  75OC of the  
so l idus .  In all ins tances  the da ta  defined a con- 

T. S. Lundy 

Unidirectional diffusion from a plane source  of 
radioactive tracer into a n  isotropic homogeneous 
medium held a t  a constant temperature T follows ‘Abstract of paper submitted to  the Transact ions of 

the Metallurgical Society of AIME for publication. 

Resources  Authority, Rincon, P.R.  
‘Present address ,  USAEC, c / o  Puerto Rico Water 

3Consultant from Millikin University, Decatur, Illinois. 
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the  Gauss ian  solution t o  F ick ' s  second law: 

c(x, t )  = M(.iiDt)- ' I 2  exp(-x2/4Dt) , 

where c(x, t )  is the  concentration of diffusing 
s p e c i e s  a t  a d i s t ance  x from the  source  after a 
time t at temperature, M is the amount of tracer 
per unit area a t  x = 0, t = 0, and D is the diffusion 
coefficient.  T h e  above  express ion  is valid if D 
does  not depend on concentration changes with 
position in the  specimen. U s e  of the Gauss ian  
solution for ca lcu la t ion  of impurity tracer diffusion 
coefficients in so l id s  h a s  been justif ied by the  
notion that significant concentration variations 
with position do  not occur and by experimental 
ev idence  tha t  usually shows  a l inear dependence 
of In c(x, t )  on x *. 

In real  sys t ems ,  i t  is wel l  es tab l i shed  that de- 
viations from the  Gaussian behavior take  p lace  
for large penetration d i s t ances  and tha t  s u c h  de- 
viations c a n  be  a s soc ia t ed  with enhanced diffusion 
along short-circuit pa ths ,  s u c h  as  d is loca t ions  or 
grain boundaries. In recent yea r s ,  i t  h a s  also been 
es tab l i shed  that a n  unusually low ra te  of migration 

ORNL-DWG 64-738 

x 2  

Fig. 4.1. Schematic Penetration Plot  for Unidirectional 

Diffusion from a Plane Source. 

near-surface ef fect  (NSE), region I I  to volume diffusion, 

and region I l l  to short-circuiting. 

Region I is  due to the  

of tracer atoms may be  observed in a region c l o s e  
to the  specimen sur face .  T h e  overall  penetration 
behavior is schemat ica l ly  i l lustrated in F ig .  4.1,  
where Region I1 represents  volume diffusion, Re- 
gion I11 shor t  circuit ing,  and Region I the  near- 
sur face  effect .  Various explana t ions  for the near- 
sur face  e f fec t  (NSE) have been postulated,  but no 

all-encompassing" answer s e e m s  evident.  
In th i s  work, we have  attempted to charac te r ize  

the  NSE for diffusion in both s i l ve r  and gold. Our 
goal is a n  understanding of the  mechanism or mech- 
an isms  for t he  NSE, so  that proper precautions c a n  
be  taken in treatment of volume diffusion da ta  for 
so l ids .  

1 1  

T h e  NSE for Dif fusion in Silver 

T. S. Lundy R.  A .  Padget t  

P o s s i b l e  explanations for the  NSE include (1) a 
very low concentration of vacancies  in the  region 
near the specimen sur face ,  (2) experimental  dif- 
f icu l t ies  introducing a large turnup in  the  da ta  
near the  sur face ,  (3) presence  of a n  insoluble layer  
containing the  tracer during all or part of the  dif- 
fusion annea l ,  (4) ex i s t ence  of a n  oxide barrier t o  
the  diffusion process ,  (5) a concentration depend- 
e n c e  of the diffusion coefficient - even  for t race  
amounts of impurities, and (6) a natural tendency 
for so lu t e  e lements  t o  seg rega te  t o  free sur faces .  

To check the possibil i ty of a varying vacancy 
concentration, w e  determined penetration profiles 
for both "Ag and  6oCo in s ing le  c rys t a l s  of 
s i lver  for various times. A s  shown in F igs .  4 .2  
and 4.3,  no t race  of NSE e x i s t s  for ' loAg dif- 
fusion, while t he  e f fec t  is qui te  pronounced for 
6oCo diffusion. Since a shor tage  of vacancies  in  
the near-surface region would affect diffusion of 
both t racers ,  we take  these  da t a  as  proof that no  
significant vacancy concentration gradients a r e  
present. Both s e t s  of experiments were performed 
by ident ica l  techniques (a grinding procedure for 
the s e r i a l  sectioning),  s o  w e  also be l ieve  tha t  
proper explanation of the  NSE in s i lver  is not due  
to  th i s  source.  

deposited layer of tracer (using 6oCo and carrier- 
free 58Co) from wel l  above the published so lu-  
bility limit for coba l t  in s i lver  of about 4 x 
weight fraction down t o  about (for "Co). 
The  magnitude of the  NSE changed dras t ica l ly  

Next, we varied the  concentration of the init ially 
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Fig. 4.2. Penetration Plots  for ' "Ag i n  Silver a t  

927OC for Various Times. 

with t h e s e  changes  in init ial  concentration but 
did not vanish.  We used  three different methods 
for deposit ion of the  tracer - electroplating, drop- 
w i s e  addition, and vacuum evaporation - without 
significantly changing the  NSE. 

T h e  presence  of an oxide barrier to diffusion 
was  examined in side-by-side experiments with 
specimens in two atmospheres,  argon and  hydrogen 
No significant differences in penetration profiles 
were found between t h e s e  cases or relative t o  
other experiments in which specimens were dif- 
fusion annea led  in a vacuum of about lo- '  torr. 

At t he  conclus ion  of these  experiments on the  
NSE in s i l ve r  we were left with two poss ib le  ex- 
planations,  concentration e f f ec t s  even  under con- 
dit ions wel l  below the solubility limit or a natural  
tendency for segregation of the  cobalt  impurity 
atoms t o  the  s i lver  surface.  

T h e  Near-Surface Dif fusion Anomaly in Gold4 

A. J .  Mortlock' 
At s eve ra l  temperatures in the  range from ap- 

proximately 700 t o  950°C, 6oCo and 63Ni were 

ORNL-DWG 65-8743 
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Fig. 4.3. Penetration Plots  for 6oCo in Silver a t  

92pC for Various Times. 

diffused at tracer concentrations in gold. The  dif- 
fusion penetration profiles were determined by a 
se r i a l  sec t ion ing  technique in  which the  gold was  
first  anodized and then the anodized layer was  d i s -  
so lved  away in ac id .  In th i s  way layers as small 
a s  250 A could be removed reproducibly. 

T h e  region close to  the  specimen sur face  w a s  in 
all cases characterized by irregular behavior in the  
s e n s e  tha t  In c(x, t )  w a s  not l inear i n  xz. A typical 
example of th i s  is shown in F ig .  4.4. 

P o s s i b l e  r easons  for t hese  observations were 
considered, and we concluded that t he  present 
measurements could b e  explained in part quali ta- 
tively by the  operation of a short-range attraction 
or repulsion between the  diffusing a toms and the  
specimen sur face .  We expec t  th i s  force to  be  of 
thermodynamic origin and assoc ia ted  with the  ef- 
fect of ,the impurity atoms present on the  f ree  energy 
of the  sur face .  

4Summarized from ORNL-4141 (July 1967). 
'Noncitizen employee from Australia;  on leave from 

Australian National University , Canberra. 



18 

~~~ 

5. 

5 
a 
m 
0 
0 

, Co IN Au (61) 
850.9"C 

L L  
0 

z 

k 

[L 

0.5 

0 
a 

5 0.2 
W 
0 z 
0 

0.1 
W 

+ 
w 
LL 

? 
3 0.05 

0.02 

0.04 

I I 

I 1 

I I I I I 
0 0.05 0.1 0 0.15 0.20 0.25 

(PEN E T RAT ION DI STAN c E ( P 2, 

URANIUM DIFFUSION IN UN, +, AND UO,,, 

D. Reimann6 

The  diffusion of 233U in mono- and polycrys- 
tall ine UN will  b e  measured for two compositions,  
one close to  the  phase  boundary between UN and 
UN + U(I) and the  other close to  the  phase  bound- 
ary between UN and U,N,. T h e  des i red  s to ich i -  

6Noncitizen employee from Germany. 

Fig. 4.4. Penetration P lo t  for 6oCo Diffusion in Gold. 

ometry of the  UN +, wil l  b e  maintained by a n  ac- 
curately controlled nitrogen pressure in the  
annea l ing  furnace in  the  range from about 1 atm 
t o  10- l o  tort ,  depending on temperature. The  
required experimental  s e tup  of a tungsten-wire 
res i s tance  furnace for temperatures up to  25OOOC 
contained within a n  ultrahigh-vacuum sys t em is 
being built.  

T h e  penetration profile of the tracer after an-  
nealing will  be determined by a lpha  spec t roscopy 
with the so-called a lphaene rgy  degradation method, 
a nondestructive method that makes u s e  of the  en-  
ergy loss of alpha par t ic les  by absorption in the  
matrix material. The  diffusion coefficient i n  one 
specimen c a n  be  measured after e a c h  of a s e r i e s  
of annea l ing  s t e p s  at the  same temperature. 

Measuring the ca t ion  self-diffusion in a t  l e a s t  
two different compositions of UN +x wil l  provide 
a better understanding of the defect structure of 
the material and probably lead to the determination 
of the  dependence of x on nitrogen pressure and 
temperature and the  poss ib le  range of x i n  the 
phase  UN +x without precipitation of a second 
phase. 

Similar experiments will  be run on UO,,, s ing le  
c rys ta l s .  T h e  required oxygen pressure  will  b e  
supplied by a CO/CO, mixture and measured with 
a n  oxygen partial-pressure detector (ZrO ,-CaO 
solid-electrolyte galvanic cell). 

. 



5. Electron Microscopy 
J. 0. Stiegler 

T h e  microstructure of a metal or alloy determines 
its mechanical and phys ica l  behavior and its re- 
sponse  to i t s  environment. With electron micros- 
copy, we are determining the  s t ruc tures  and 
changes  in structure tha t  occur  under se rv i ce  con- 
dit ions in order to understand the  corresponding 
changes  in properties. We a re  us ing  transmission 
techniques to  study dislocation configurations, 
irradiation-induced defec ts ,  and small  precipitate 
particles;  replica techniques  to  examine bubbles, 
cav i t ies ,  c racks ,  and other gross  structural  fea- 
tures;  and extraction techniques  to  ana lyze  pre- 
cipitation phenomena by electron diffraction and 
electron-probe microanalysis. Our e t ch  pit t ing 
s tud ie s  on dislocation motion in body-centered 
cubic c rys t a l s  a t  low temperatures a re  continuing. 
We hope to relate t h e s e  observations to  the  theo- 
retical  ana lys i s  of s l i p  bands descr ibed in t h i s  
chapter. The  recognition tha t  g a s  bubbles  drasti-  
cally influence the  high-temperature ductility of 
metals coupled with development of an electron- 
microscope technique for observing bubbles  and 
cavi t ies  under high-resolution conditions h a s  led  
u s  to devote a large part of our effort to  s tud ie s  
of elevated-temperature fracture. The  bas i c  in- 
formation that we are generating should provide a 
guide for the  development of materials that  res i s t  
high-temperature radiation embrittlement. We are 
working c lose ly  with the  Mechanical Proper t ies  
Group in th i s  field and with the  severa l  groups 
participating in the  Tungsten Metallurgy Program. 
W e  report here  ac t iv i t ies  tha t  a r e  primarily micro- 
structural  in nature; other work is included in 
Part 11, Chap. 16 of t h i s  report. 

'Summary of a paper to be published in ASM Trans- 
actions Quarterly. 

MORPHOLOGIES OF BUBBLES AND VOIDS 
IN TUNGSTEN' 

K. Farrell  B. T. M. Loh 
J. 0. Stiegler 

T h e  morphologies of bubbles  and voids in tung- 
s t en  were s tud ied  by s t e reo  electron fractography. 
T h e  tungsten for t he  examination of g a s  bubbles  
was  prepared by hydrogen reduction of WF, vapor 
over a heated subs t ra te ,  t he  process  known as 
chemical vapor deposit ion (CVD). When annealed 
in vacuum a t  temperatures above 16OO0C, CVD 
tungsten conta ins  many g a s  bubbles, which grow 
with increas ing  annealing t i m e  and temperature. 
The  g a s  involved h a s  not yet been identified, but 
i t  probably resu l t s  from volati le impurities trapped 
during deposition. The  tungsten shee t  used for 
the  examination of voids was  hot rolled from a 
sintered powder-metallurgy billet. T h e  voids were 
creep cav i t i e s  formed in spec imens  t e s t ed  to  frac- 
ture a t  a s t r e s s  of 2000 ps i  a t  220OOC in vacuum. 
Since both bubbles  and voids were formed mainly 
a t  the  grain boundaries, they could b e  exposed 
for examination very conveniently by fracturing 
the specimens along grain boundaries a t  room tem- 
perature with l i t t l e  distortion from p la s t i c  deforma- 
tion. Direct carbon rep l icas  were made from the  
newly fractured boundary sur faces  and examined 
by electron microscopy. 

Both bubbles  and voids appeared to  be  polyhe- 
dral (Fig.  5.1). A s te reoscopic  technique used  to 
determine the  crystallography of the f ace t s  on 
bubbles  and voids showed that they a re  bounded 
by {loo!, ( l lO] ,  (1121, and { lo21  f a c e s  (Figs.  5.2 
and 5.3). In the  bubbles the  { loo)  and l l l 2 1  faces 
are smooth but terraced, t he  11021 f aces  a re  
s tepped ,  and the  { l l O )  faces are rough. No ter- 
racing, stepping, or roughness i s  observed on 
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PHOTO 89113 

Fig.  5.1. Bubbles and Voids in  Tungsten. ( a )  Gas bubbles on grain boundaries of CVD tungsten annealed 5 h r  

at 250OOC; ( b )  same, including a grain boundary; ( c )  detai ls  of a cavity on a grain boundary of powdermetal lurgy 

tungsten after creep a t  22OO0C under a stress of  2000 psi; (d )  grouping of such cav i t ies .  
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PHOTO 89114 PHOTO 8 9 i i 5  

i Fig.  5.3. Crystallography of a Creep Cavity.  

Fig.  5.2. Crystallography of a Bubble. 

creep  cavi t ies .  T h e  ( l02 l  f a c e s  a r e  thought to be 
composi tes  of two (1121 faces ;  and, according to 
theoretical  considerations,  they should not belong 
to an equilibrium form. Therefore, t h e  bubbles 
observed are all in some intermediate nonequilib- 
rium s t age  (Fig. 5.4). S ince  small ,  equiaxed, 
near-spherical bubbles ought to b e  c l o s e s t  to the  
equilibrium shape  (bubbles marked A i n  F ig .  5.4), 
we have used  them to measure relative sur face  

tensions.  W e  find that 

y{lOO):y{112\:y{1101 = 1.0: 1.05: 1.08 . 
T h e  d iscrepancies  between t h e s e  va lues  and t h e  
predictions of theoretical  models may be due  to 
adsorption of the  unidentified g a s  phase  from the  
bubbles. 

During the  early s t a g e s  of growth of the  bubbles, 
relative sur face  areas fall in a different order. We 
attribute th i s  to kinetic e f f ec t s  involving the  ra tes  
of growth and dissolution of t he  different crystal-  
lographic faces. W e  specula te  tha t  the  rough (1lOl 
f aces ,  which dominate in growing bubbles, a r e  not 
real  crystallographic su r faces  but rather a re  com- 
posed of four (112j  p lanes  forming pointed h i l l s  
and valleys.  
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Fig. 5.4. Bubbles a t  Various Growth Stages. Small bubbles marked A are equiaxed and bel ieved near equilibrium. 

NATURE OF CREEP C A V I T ~ E S  IN TUNGSTEN’ under creep. T h e  appearance of t he  cav i t i e s  de- 
pends strongly on the  conditions of temperature 

J .  0. Stiegler B. T. M. Loh and s t r e s s .  At lower temperatures and higher 
K. Farrell  s t r e s s e s ,  the  cav i t i e s  a re  shal low and irregularly 

shaped; they have  blunt ends  and are  b e s t  de- 
sc r ibed  a s  being ameoboid (Fig.  5.5). Under lower 
stresses and higher temperatures,  they acquire 
regular polyhedral s h a p e s  (see Fig.  5 . 3 ) .  T h e  
different s t ruc tures  a re  rationalized by consider- 

H. E. McCoy, Jr.’ 

An electron fractographic technique was  used  
to study grain-boundary cav i t i e s  formed in tungsten 

‘Mechanical Properties Group. 
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Fig. 5.5. Cavities in Tungsten Produced by Creep at 

165OoC at o Stress of 10,000 psi. 

1 :  

ing  t h e  competition between growth by p l a s t i c  de- 
formation or  s t ress - induced  vacancy diffusion and 
internal rearrangement by sur face  diffusion. In 
disagreement with observa t ions  by opt ica l  micros- 
copy, tr iple grain junctions a re  not preferred s i t e s  
of cavi ty  nucleation, although a few occur  a t  them. 
T h e  most l ikely mechanism for cavity nucleation 
involves grain-boundary s l id ing  that is blocked a t  
g ross  irregularit ies i n  the  grain-boundary sur faces .  
S ince  only large cav i t i e s  can  b e  de tec ted  optically,  
they have  reached a grain-boundary junction, giv- 
ing  t h e  i l lusion that they a re  nuc lea ted  there. 
Grain-boundary s l id ing  parallel  t o  t r ip le  grain junc- 
t ions  may occas iona l ly  open cav i t i e s  a t  jogs or 
irregularit ies on t h e  junctions or  at t h e  points 
where four gra ins  in te rsec t ,  but the  contribution 
is minor compared with cavitation a t  two-grain 
interfaces.  

DYNAMICS OF SLIP BAND FORMATION3 

B. T. M.  Loh  

Several  investigators have  used  computer calcu- 
la t ions  to study the  final equilibrium arrangements 

and the  s t r e s s  f ie lds  a s soc ia t ed  with certain d is -  
location configurations and the  interaction of dis- 
loca t ions  with obs t ac l e s .  In th i s  work, machine 
computations a r e  employed t o  s tudy  dynamic fea- 
tu res  of t he  formation of s l i p  bands  originating 
from a s ingle  dislocation source  under a variety 
of s t r e s s  conditions. Information tha t  c a n  b e  ob- 
tained from such  ca lcu la t ions  inc ludes  not only 
the dislocation configuration and the  s t r e s s  con- 
centration a t  t h e  head of t h e  s l i p  band, bu t  also 
the shea r  s t ra in  and the  s h e a r  s t ra in  rate a t  any 
ins tan t  during the  formation of the  band. All a r e  
important in considering p l a s t i c  deformation of 
c rys ta l s .  T h e  model u sed  i n  t h i s  calculation is 
that a dislocation source  s i t ua t ed  a t  a boundary 
of a cub ic  grain emi ts  a sc rew dislocation when- 
ever  t he  ne t  s t r e s s  on the  source  is larger than t h e  
activation s t r e s s  for generation of a new disloca- 
tion. T h e  d is loca t ions  move on the  primary s l i p  
p lane  toward t h e  opposite grain boundary. T h e  
speed  of the  dislocation is estimated from either 
Gilman’s4 or  Stein and Low’s5 dislocation velocity 
express ions ;  however, the  s t r e s s  term i n  the  ex- 
press ions  is replaced by the  effective s t r e s s  ex- 
erted on the  dislocation. T h e  effective s t r e s s  is 
the  sum of the  applied resolved shea r  s t r e s s  and 
the  interaction s t r e s s e s  due  to other d i s loca t ions  
on the  s l i p  plane. T h e  d i s t ance  of forward motion 
of each  dislocation between time t and t + dt is the  
product of t h e  speed  and the  t ime interval dt. T h e  
time interval dt is regulated so that t h e  displace- 
ment of the  dislocation with t h e  h ighes t  velocity 
or t h e  highest  e f fec t ive  s t r e s s  in dt i s  25 A or  
approximately 10 Burgers vec tors  a t  t h e  beginning 
of the  band formation and is gradually reduced as 
the  d is loca t ions  move c l o s e  to the  grain-boundary 
barrier. Cross  s l i p  is allowed i n  the  process  only 
if t h e  effective s t r e s s  on the  c r o s s  s l i p  p lane  is 
larger than both t h e  e f fec t ive  s t r e s s  on the  pri- 
mary s l i p  p lane  and the  friction s t r e s s  on the  c r o s s  
s l i p  plane. Any dislocation reaching t h e  boundary 
s t o p s  there. After every time interval,  t h e  effec- 
t ive  s t r e s s e s  on all d i s loca t ions  a re  recalculated 
from their  relative posit ions a t  tha t  ins tan t ,  and 
t h e s e  s t r e s s e s  a re  then used  to compute the new 
s p e e d s  of d i s loca t ions  and their  new posit ions.  
T h e  cyc le  continues until every dislocation 
reaches  i t s  equilibrium position. 

4J. J. Gilman, J .  A p p l .  Phys. 36, 3195 (1965). 
’D. F. Stein and J. R. Low, J .  AppJ. Phys.  31, 362 

3Summary of a paper to be  presented a t  the  Interna- 
t ional Conference on the  Strength of Metals and Alloys,  
Tokyo, Japan, Sept. 4-8, 1967. (1 960). 
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A s l ip  band formed without c r o s s  s l i p  is actually 
a single-ended pileup; t hus  the resu l t s  of such  
bands can  b e  compared with the  calculation of 
Eshelby et al. 

By varying the  cube  edge  length, t h e  effect  of 
grain s i z e  on the  stress concentration, t h e  shear  
strain,  and the  shea r  s t ra in  ra te  can b e  obtained. 
The implications of t h e s e  fac tors  on the  lower 
yield s t r e s s  are d iscussed .  

Calculations on the  formation of a s l i p  band in  
an infinite c rys ta l  a r e  a l so  made to  examine the  
effect  of trailing d is loca t ions  on the  velocity of 
the  leading dislocation. T h i s  s i tua t ion  should be  
considered in those  experiments in which dislo- 
cation velocity i s  determined as  t h e  ratio of the  
d is tance  between the  leading dislocation and i t s  
source  to the  loading time. Calcu la ted  resu l t s  are 
compared with the  experimental d a t a  of Stein and 
Low. When the  applied s t r e s s  in their expression 
is replaced by the  e f fec t ive  s t r e s s ,  the  s t r e s s  de- 
pendence of velocity should  b e  weaker and i s  time 
dependent. 

T h e  agreement is very good. 

A GRAPHICAL METHOD FOR DETERMINING 
THE SCHMID FACTOR 

B. T. M.  Loh  

In studying dislocation ac t iv i t i e s  and s l ip  be- 
havior of c rys ta l s ,  w e  often des i r e  t o  know t h e  
shea r  s t r e s s e s  resolved from the  applied load on 
poss ib le  s l i p  p l anes  in the  s l i p  direction. T h e  
s l ip  p lane  normal and t h e  s l i p  direction a re  a lways  
perpendicular to each  other,  and they form a s l ip  
system. T h e  resolved shea r  s t r e s s  for a given s l ip  
system can  b e  ca lcu la ted  from the  geometric rela- 
tion between the  c rys ta l  orientation and the load- 
ing ax i s  and is a product of a geometric factor 
(usually ca l led  the  Schmid factor) and the  applied 
s t r e s s .  When there  a re  many Schmid fac tors  to b e  
calculated,  the  procedure c a n  b e  very lengthy; 
therefore, we developed a quick graphical method 
that can provide the  va lue  of the  Schmid factor for 
any s l ip  sys tem in  any crys ta l  structure. In brief, 
a double polar ne t  is constructed tha t  c o n s i s t s  of 
two polar ne t s  ten-tered around two reference poles ,  
each  pole  t i l t ing 45’ i n  oppos i te  directions from 
the center  of t he  stereographic projection. A 

6J. D. Eshelby, F. C .  Frank, and F. R. M. Nabarro, 
Phil .  Mag. 42, 351-64 (1951). 

Schmid factor map a s soc ia t ed  with the double polar 
ne t  is also plotted. T h i s  net is u s e d  to  determine 
t h e  posit ion of t h e  loading a x i s  on t h e  Schmid fac- 
tor map for any given s l i p  sys tem tha t  is imagined 
to co inc ide  with the  two reference poles ,  and the  
Schmid factor of t h e  s l i p  sys t em c a n  b e  read imme- 
diately from the  map. Copies  of t he  double polar 
net and the  Schmid factor map a r e  ava i lab le  on 
request.  

TECHNIQUE AND EQUIPMENT DEVELOPMENT 

Transmission Electron Microscopy 

C. K. H. DuBose 

Exper ience  during the  p a s t  year  h a s  shown our 
equipment for preparing foils for transmission elec- 
tron microscopy to b e  re l iab le  and appl icable  to a 
wide variety of materials.  Bas ica l ly ,  t h i s  equip- 
ment c o n s i s t s  of a j e t  polisher for “dimpling” 
‘/8-in.-diam specimens and an electropolishing cell 
with a l ight detector that  i s  semiautomatic i n  the  
final preparation s t age .  A deta i led  report describ- 
ing t h e  equipment and i t s  operation is available.  
S ince  publication of the  report two notable improve- 
ments have been made. In the  j e t  polisher,  be t te r  
control of the  “dimple” edges ,  and thus  of t h e  
final s h a p e  of t he  dimple, could  b e  obtained by u s e  
of capillary tubing for t h e  j e t  nozzle.  T h e  nozz le  
previously had been hot drawn over  a mandrel. A 
much smoother j e t  stream is now achieved as  well 
as more accura te  control of j e t  s i z e .  A discuss ion  
of the  e f fec t  of current dens i ty  on dimple shape  
h a s  been published. 

A tenfold inc rease  in sens i t iv i ty  of t h e  l ight de- 
tector system w a s  achieved by replacing the  photo 
transistor originally used  with an  improved model 
(crystalonics FF 600) sugges ted  by T. M. Gayle  
of t he  ORNL Instruments and Controls Division. 
Spectral  response  is compatible with both infrared 
and v is ib le  l ight detection. T h i s  enab le s  u s  now 
to u s e  chromic ac id  so lu t ions ,  which a re  nearly 
opaque to v is ib le  l ight,  for electropolishing. 

’C. K. H. 
Preparation 
Microscopy, 

DuBose and J. 0. Stiegler, Semiautomatic 
of Specimens for Transmission Electron 
ORNL-4066 (February 1967). 

8C. K. H. DuBose and J. 0. Stiegler, “Controlled Je t  
Polishing of Specimens for Transmission Electron 
Microscopy,” Rev. Sc i .  Instr .  38, 694-95 (1967). 
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Extraction Replication 

R. E. Gehlbach 

In studying microstructures of complex materials,  
transmission techniques  often prove inadequate.  
By nature s u c h  materials a r e  full of ho le s  and 
la rge  foreign inc lus ions  and often are chemically 
inhomogeneous. Because  of chemical gradients, 
dissolution is nonuniform, ho le s  enlarge,  and par- 
ticles fall out. Consequently,  i t  is difficult to ob- 
tain large thin a reas ;  and those  that occur  a re  
suspec t ,  for “better” a reas  a re  more l ikely to thin 
uniformly, giving r i se  to sampling b ias .  

T o  overcome some  of t h e s e  l imitations,  we de- 
veloped techniques for ex t rac t ing  precipitate par- 
t i c l e s  for examination by electron microscopy, 
electron diffraction, and electron probe microanal- 
y s i s . g  W e  are ab le  to retain t h e  spa t i a l  distribu- 
tion of par t ic les  ex is t ing  in the  bulk material, and 
by eliminating matrix e f fec ts  w e  are  ab le  to ex- 
amine the  structure and composition of individual 
particles.  T h e  technique is usefu l  both for sys -  
tems containing ex tens ive  but inhomogeneous pre- 
cipitation and for those  in  which thin grain-bound- 
ary films form tha t  a r e  undetectable by transmission 
techniques.  

By combining the  extraction technique with an 
x-ray microanalyzer attachment for our microscope, 
we are  ab le  to obtain microstructures, diffraction 
patterns,  and chemical a n a l y s e s  of a s ingle  a rea  
without moving the  specimen and without introduc- 
ing  e f f ec t s  from matrix excitation. We a r e  applying 
t h e s e  techniques routinely to s t u d i e s  of precipita- 
tion in complex n icke l -base  alloys.  

PRECIPITATION IN HASTELLOY N 

R. E. Gehlbach H. E. McCoy, J r . 2  

Haste l loy  N, a nickel-base molybdenum-chromium- 
iron alloy developed at ORNL for its exce l len t  

’R. E. Gehlbach and J. T. Houston, “Application of 
Electron Metallography to Precipitation Studies of 
Hastelloy N,”  to  be  published with the technical papers 
of the 21st AEC Metallography Group Meeting held a t  
Brookhaven National Laboratory on May 10-12, 1967. 

creep strength and r e s i s t ance  to  corrosion by 
molten fluoride s a l t s ,  exhib i t s  t h e  loss in  high- 
temperature ducti l i ty charac te r i s t ic  of nickel-base 
alloys.  I t  is used  as  t h e  reactor v e s s e l  structural  
material for t h e  MSRE, and irradiation a t  the MSRE 
se rv ice  temperature h a s  been found to c a u s e  fur- 
ther embrittlement, i t s  e f fec t  be ing  essent ia l ly  
superimposed on  tha t  of t he  unirradiated material. 

Examination of severa l  specimens indicated that 
ex tens ive  grain-boundary precipitation occurred in  
the  temperature range of the  ducti l i ty decrease .  
T h u s  we a r e  investigating t h e  pattern of precipita- 
tion in  th i s  sys tem - its response  to various ther- 
momechanical treatments and i t s  relation to me- 
chanica l  properties - and identifying those  
prec ip i ta tes  tha t  may b e  beneficial  as  well as 
those  deleterious to maintaining good ductility. 
We are  us ing  severa l  too ls ,  including extraction 
replication, transmission electron microscopy, 
bulk microprobe, microprobe attachment for t h e  
electron microscope, x-ray and electron diffraction, 
and autoradiography. 

T h e  microstructure is characterized by s t r ingers  
of mass ive  carbide par t ic les  having t h e  composi- 
tion M,C. T h i s  carbide is high in molybdenum and 
nickel and is also enriched in  s i l i con  (approxi- 
mately 2.5%) as  compared with the  matrix (approxi- 
mately 0.3%). A fine grain-boundary precipitate 
having the  s a m e  c rys ta l  structure as M,C forms 
when the  alloy is hea ted  for long  periods of t ime 
in the  temperature range of 600 to 900°C (Fig .  
5.6). Several precipitate morphologies c a n  b e  
present in the  grain boundaries,  depending on the  
thermal and mechanical history. In air-melted 
hea ts ,  t he  M,C does  not appear to d i s so lve  appre- 
ciably as  the  temperature is increased. At about 
13OOoC, the  massive M,C par t ic les  begin to trans- 
form to an intergranular lamellar product, which i s  
lower in molybdenum and s i l icon  and h a s  a diffsr- 
en t  c rys ta l  structure.  

Modifications in  the  composition of Hastelloy N 
to improve its properties have indicated that de- 
c reas ing  the  molybdenum content sl ightly elimi- 
na t e s  nearly all of the  M,C normally present.  T h e  
addition of a small amount of titanium (<0.5%) 
resu l t s  in formation of a t  l e a s t  two different 
phases ,  one  being Ti(C,N). T h e s e  c a n  assume 
various morphologies (F ig .  5.7); their  effects a re  
being a s s e s s e d .  
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Fig.  5.6. Extract ion Repl ica of Groin Boundary and Blocky M C Precipi tate in  Hostel loy N Aged 4 hr o t  87OoC. 
6 

PHOTO 89146 

Fig .  5.7. Extract ion Repl icas Showing T w o  Forms of Groin-Boundary Precipi tate in  Titonium-Modified Haste l loy  

N. (a) 0.45% Ti, oged 30 min a t  50OoC; ( b )  0.15% Ti, oged 30 min a t  65OoC. 

. I 



6. Electronic Properties of Metals and Alloys 

J. 0. Betterton, J r .  

T h e  object of t h e s e  s tud ie s  is bas i c  information 
on electronic properties of meta ls  and alloys.  Ex- 
periments cons i s t  of (1) Mossbauer spec t ra  for 
study of electronic s t a t e s  near t he  nuclei;  (2) low- 
temperature spec i f ic  hea t s ,  superconducting transi-  
tion temperatures, and e lec t r ica l  res i s t iv i t ies  t o  
study transition-metal alloying and superconduc- 
tivity; and (3) galvanomagnetic experiments on 
transition-metal c rys ta l s  to determine connectivity 
of their  F e r m i  surfaces.  

A new Mossbauer technique, Coulomb-recoil- 
implantation, was  developed in collaboration with 
the P h y s i c s  Division. T h i s  method will  be  applied 
to future s tud ie s  of impurities in so l ids ,  with par- 
ticular emphasis  on magnetic properties. We are 
studying magnetic moments and electronic density 
a t  nickel nuclei  in nickel a l loys  with the  Mossbauer 
effect  in 61Ni. Init ial  measurements have  begun in 
the  copper-nickel system. 

A sys temat ic  alloying study h a s  been undertaken 
of t h e  early transition metal, zirconium. Earlier 
s tud ies  had shown the  e f fec ts  of additions of B- 
subgroup so lu t e s  (i.e., a l loys  of t h e  type transition 
metal-simple metal). We completed our study of 
the e f fec ts  of transition meta ls  T i ,  Hf, and Sc  on 
the low-temperature spec i f ic  hea t  of zirconium and 
nearly completed s i m i l a r  work with Nb, Mo, Re ,  and 
Ru. There  appears to be  a c l ea r  separation in 
alloying behavior between transition-metal so lu t e s  
to t h e  right of zirconium in the  periodic table,  
which appear to have extra e lec t rons  localized near 
the so lu t e s ,  and transit ion meta ls  in t h e  same 
column with zirconium, e lements  to t h e  left (SC), 
and t h e  B-subgroup so lu t e s ,  all of which appear t o  
show alloying e f f ec t s  within the  framework of t h e  
band structure. 

cen t  of the  transition meta ls  t o  the  right of zirco- 
T h e  e lec t r ica l  resist ivity e f fec ts  per atomic per- 

nium were measured and showed widely variable 
va lues  in a manner very similar t o  e f fec ts  of transi-  
tion-metal impurities on the  resist ivity of copper 
and aluminum. Friedel interpreted the  latter in 
terms of virtually bound s t a t e s  near t h e  impurity 
atoms, and zirconium a l loys  appear t o  b e  another 
example of the  same phenomenon. With further 
systematic study of zirconium a l loys  a more de- 
tailed separation of various alloying fac tors ,  such  
as those  dependent upon electronic density and 
compositional and structural  factors,  should b e  
possible.  

cou LOMB- R ECOI L-IMPLANTATION MOSSBAU ER 
EXPERIMENTS WITH 73Ge (ref. 1) 

Gordon Czjzek John C. Love'  
J.  L. C. Ford, J r . 3  Fe l ix  E. Obenshain3 

Horst H. F. Wegener4 

Nuclear s t a t e s  su i tab le  for Mossbauer s tud ie s  
can be  populated by Coulomb excitation. 5 - - 7  We 
developed a new method, combining t h e  Coulomb- 
recoil-implantation technique, recently used  in  
conjunction with perturbed angular correlation 

'Abstracted from Phys .  Rev. Le t te rs  18, 529 (1967); 
also in Phys .  Div. Ann. Progr. Rept.  Dec. 3 1 ,  1966,  
ORNL-4082, pp. 82-84. 

'National Science Foundation Cooperative Fellow from 

3Phys ics  Division. 
4Ternporary employee from the University of Erlangen, 

'D. Seyboth, F. E. Obenshain, and G. Czjzek, Phys .  

6Y. K. Lee e t  al., Phys .  Rev. Le t te rs  14, 957 (1965). 
' G .  Czjzek, J. L. C. Ford, Jr., F. E. Obenshain, and 

the Ohio State University. 

Germany. 

Rev. Le t te rs  14, 954 (1965). 

D. Seyboth, Phys .  Let te rs  19, 673-75 (1966). 
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with the  Mossbauer effect. Th i s  
method ex tends  the  range of application of Coulomb- 
excitation Mossbauer experiments,  providing a wider 
se lec t ion  of hos t  materials for a given target nu- 
cleus.  In many cases information about solid-state 
and nuclear properties goes  beyond tha t  obtainable 
by Coulomb-recoil-implantation perturbed angular 
correlation measurements. In t h i s  experiment, we 
have implanted Coulomb-excited ' 3Ge into metall ic 
chromium and observed the  Mossbauer effect with 
the 67.0 kev deexcitation radiation. 

LOW-TEMPERATURE SPECIFIC HEATS OF 
Zr-Ti, Zr-Hf, AND Zr-Sc ALLOYS' 

J .  0. Betterton, Jr. J.  0. Scarbrough 

T h e  spec i f ic  hea t s  of hexagonal Zr-Ti, Zr-Hf, and 
Zr-Sc a l loys  were measured a t  1.1 to 4.2OK. Maxima 
in both the  electronic spec i f i c  hea t  coefficient y 
and in the superconducting transition temperature 
T c  were observed a t  6 0  at .  % T i  in the  zirconium- 
titanium system. No superconductivity was  found 
in the  zirconium-scandium sys tem,  although y rose  
to high va lues  for pure scandium and a minimum in 
y occurred near 10 at. % Sc. In t he  zirconium- 
hafnium sys tem y w a s  nearly l inear between va lues  
for t he  pure elements.  T h e  Debye temperature O D ,  
after correction for atomic mass and volume, devi- 
a t e s  negatively near 6 0  at. % Ti in  titanium-zirco- 
nium, positively near hafnium in zirconium-hafnium, 
and in an  S-type manner in  zirconium-scandium. 
The effects of scandium i n  depress ing  y i n  
the zirconium-rich region a r e  in qua l i ta t ive  agree- 
ment with dependence on electron-to-atom ratio 
indicated by earlier B-subgroup so lu te  e f f ec t s  in 
zirconium-rich alloys.  T h e  y for zirconium-scandium 
alloys,  after a correction for phonon enhancement 
and with the  assumption of a rigid band in the  
alloys,  correlates fairly wel l  with the  electronic 
density of s t a t e s  for pure zirconium, ca lcu la ted  by 
Loucks.  l 1  The  rigid band approximation, on the  
other hand, cannot explain the  maxima in y and T c  

8L. Grodzins, R. Borchers, and G. B. Hagemann, Phys .  
Le t te rs  21, 214 (1966). 

'F. Boehm, G. B. Hagemann, and A. Winther, Phys.  

"Abstract of paper submitted for publication in The 

"T. L. Loucks,  "Electronic Structure of Zirconium," 

Letters 21, 217 (1966). 

Ph  ys  i ca 1 R e  view. 

to be published in The Phys ica l  Review. 

in zirconium-titanium a l loys ,  which involve no 
change of electron-to-atom ratio. Rather,  the  maxi- 
mum may a r i s e  from differences in  the relative en- 
ergies of the third and fourth bands  in titanium and 
zirconium, with a c ros s ing  of t h e s e  bands  in the  
alloys.  T h e  small dec rease  in y of zirconium with 
hafnium additions is also incons is ten t  with the  
rigid band model, s i n c e  no change of electron-to- 
atom ratio occurs  in the  zirconium-hafnium system. 
The  y and T c  are related t o  both t h e  dens i ty  of 
s t a t e s  and t h e  electron-electron interactions,  and 
although c l ea r  separation of t h e  two factors i s  not 
possible,  a reasonable interpretation can  be  made 
assuming tha t  the  electron-phonon interaction is 
nearly constant.  

LOW-TEMPERATURE SPECIFIC HEATS OF 
ZIRCONIUM WITH SMALL ADDITIONS 

(0-5 at. %) OF Nb, Mo, Re, AND Ru 

J. 0. Scarbrough J. 0. Betterton, Jr. 

Large  inc reases  in the  superconducting transit ion 
temperature occur in zirconium with additions of Nb, 
Mo, Re ,  and Ru. Specific hea t  s tud ie s  show tha t  
the  electronic spec i f ic  hea t  coefficient y,  t he  Debye 
temperature O D ,  t he  superconducting transit ion t e m -  
perature T c ,  and t h e  interaction (S - J) responsible 
for superconductivity follow with only modest devia- 
t ions the  following l inear relations for atomic frac- 
tion so lu te  x less than 0.05. 

y = 2.8 + 4 4 ~  (mj mole-' O K - ' )  

(OK) 
(OK) 

eo = 291 - 1 3 0 0 ~  

T c  = 0.49 t 7 3 . 4 ~  
(S - J) = 0.26 - 0 . 4 3 ~  (ev atom) 

The above cont ras t s  sharply with earlier alloying 
e f f ec t s  of B-subgroup e lements  Ag, Cd, In, Sn, and 
Sb on the  electronic spec i f ic  hea t  of zirconium, 
y = 2.8 + 1.6xn, where n is the  so lu t e  valency. 
Further, the former e f fec ts  do  not appear  to be  
modified significantly by change of c rys ta l  struc- 
ture in the  Zr-Mo, -Re, and -Ru a l loys  from hex- 
agonal to cubic  (+ small amount of o) as  so lu te  
content increases .  The  indifference t o  c rys ta l  
structure and t o  the  number of valency e lec t rons  
sugges t s  a failure of t h e  rigid band model in t h e s e  
cases of transition-metal s o l u t e s  t o  t h e  right of 
zirconium in the  periodic tab le  and t h e  formation 
of localized s t a t e s  near  a toms of t h e s e  so lu tes .  

f 
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Fig .  6.1. E f fec ts  of Solute Elements on the E lec t r ica l  

Resist iv i ty  of D i lu te  Zirconium Al loys  ut  4 . 2 O K .  

the atomic l eve l s  of t h e  so lu te  with e lec t rons  of 
the Fermi sur face  of t h e  matrix metal. Virtual 
s t a t e s  have  also been reported in a l loys  between 
transition metals,  4-1 and i t  is reasonable  t o  
interpret t he  res i s t iv i t ies  of zirconium a l loys  with 
transition-metal so lu t e s  to i t s  right in the  periodic 
tab le  in  the  same way. T h i s  interpretation provides 
further support for the  formation of localized s t a t e s  
on the  spec i f ic  hea t  properties of zirconiim. 

GALVANOMAGNETIC PROPERTIES OF 
ZIRCONIUM 

J. 0. Betterton, Jr. D. S. Eas ton  

A recent calculation of t h e  electronic structure of 
zirconium by Loucks" at  Iowa Sta te  University i s  
in agreement with the  c losed  and compensated char- 
acter of galvanomagnetic measurements. One un- 
certainty in the  Loucks theory is whether the third- 
and fourth-zone holes  a r e  continuous a long  the  

ELECTRICAL RESISTIVITIES OF 
ZIRCONIUM ALLOYS 

J. 0. Betterton, Jr. D. s. Eas ton  

hexagonal a x i s  in the  k-space. Galvanomagnetic 
properties of c rys t a l s  whose a x e s  a re  within 4 O  of 
the  basa l  plane ind ica te  that the  sur face  i s  closed. 
However, because of t h e  narrowness of t h e  ang le s  
over which the  open-orbit s ingular i t ies  in magneto- 
res i s tance  could b e  present,  a c rys ta l  oriented 
c loser  t o  the  basa l  plane and having accura te  
c ross ing  of the  magnetic field and t h e  hexagonal 
ax is  would be  very desirable.  W e  have not made 
th i s  t e s t ,  but a goniometer tha t  t i l t s  t h e  c rys ta l  
rotation ax i s  h a s  been constructed for operation in  
liquid helium and in the  magnetic field for t h i s  ex- 
periment. Higher purit ies and higher magnetic 
fields a re  needed for investigation of t h e  anomalous 
t ransverse  vol tages  in zirconium. 
c reases  in  the  purity of zirconium and t h e  construc- 
tion of a 76-kilogauss solenoid will increase  30- 
fold the  magnetoresistance and even t ransverse  
voltages,  which depend upon the  square  of t he  
effective magnetic field strength. 

T h e  change in e lec t r ica l  resist ivity with 1 at .  % 
additions of various e lements  t o  zirconium var ies  
widely with the  group number of t h e  so lu t e  in the  
periodic table. T h e s e  res i s t iv i ty  coefficients a r e  
shown in Fig.  6.1, where the  poin ts  represent 
s lopes  of residual resist ivity v s  composition curves  
for a s e r i e s  of a l loys  with hexagonal structure,  ex- 
cep t  for the so lu t e s  molybdenum and ruthenium, 
which were measured in a l loys  with cubic  structure. 
The s lope  of the  resist ivity curve in t h e  zirconium- 
rhenium system showed no ef fec t  of c rys t a l  struc- 
ture change, hexagonal to cubic ,  as t h e  rhenium 
content increased ,  and t h e  molybdenum and ruthe- 
nium points have  been plotted on Fig.  6.1 with t h e  
assumption that t he  matrix c rys ta l  structure c a n  be  
neglected.  

Variation of t h e  resist ivity coefficients of transi-  
tion metal so lu t e s  in copper- and aluminum-base 
a l loys ,  which was  very similar in form to that of 
Fig.  6.1, was  interpreted by F r i ede l  in terms of 
virtually bound s ta tes . '  
near so lu t e  atoms by resonance  of t h e  e lec t rons  in 

Recent in- 

Such s t a t e s  a re  formed 

"5. Friedel, Can. J .  Phys .  34, 1190 (1956). 
13E. Daniel and J. Friedel,  Low Temperature Phys ic s  

LT9, Proceedings of the IXth International Conference 
on Low Temperature Phys ics ,  Columbus, Ohio, August 
3 1 S e p t e m b e r  4, 1964, ed. by J. G. Daunt e t  al., Plenum 
Press ,  New York, 1965, pp. 933-54. 

I4Yu. N. Tsiovkin and N. V. Volkenshtein, Soviet 

I'M. P. Sarachik, J. Appt. Phys.  35, 1094 (1964). 
P. A. Wolff et a t . ,  J .  Appl. Phys.  Suppl. 33, 1173 1 6  

(1962). 
I7D.  S. Easton and J. 0. Betterton, Jr., Metals  and 

Ceramics Div. Ann. Progr. Rept.  June 30, 1966, ORNL- 

Phys. JETP (English Transl.) 21, 527 (1965). 

3970, pp. 29-31. 
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ZONE PURIFICATION OF ZIRCONIUM 

D. S. Eas ton  J .  0. Betterton, Jr. 

Modifications of an  ex is t ing  electron-beam zone  
refinec18 enabled us  to make large numbers of zone  
passes ,  during which the  partial  p ressures  of g a s e s  
were reduced sufficiently s o  that contamination did 
not take  place. T h e  increased  number of p a s s e s  
allowed zone refining from oxygen; a gradient oc- 
curred, with the  oxygen concentration diminishing 
toward the  end of the  rod a s  usua l  for t h e  case of 
solidus-to-liquidus ratio ( K )  greater than unity. 
Th i s  gradient can  b e  observed both in t h e  analyzed 
oxygen content and in the  res i s t iv i ty  ratio. T h e  
correlation along such  a gradient between resist ivity 
a t  4OK and oxygen content  is shown in Fig.  6.2. 
The s lope  of t h e  curve, 7 pohm-cm/at. % 0, cor- 
responds well with the  average  value,  6.8 rf- 1.0 
pohm-cm/at. %, given in the  l i terature.  2 0 - - 2 2  This  
shows that the oxygen impurity accounts  for most 
of t h e  change in e lec t r ica l  resist ivity along t h e  
zoned rod. The  intercept of t h i s  curve ind ica tes  
that a significant amount of residual resist ivity re- 
mains, sugges t ing  poss ib le  electron sca t te r ing  from 
physical de fec t s  and buildup of impurit ies with 
K < 1 ,  such  as  carbon, a t  t h e  end of t h e  zoned 
length. 2 3  

Studies of the  partial  p ressures  over molten zir- 
conium during zoning showed tha t  most gases  were 
evolved rapidly during the  early p a s s e s  and tha t  
hydrogen, methane, e thane ,  and propane were con- 
tinuously evolved in a l l  pas ses .  T h e  oxygen partial  
pressure,  lo-' ' to torr,  is considered to b e  
too low for significant purification or contamination 
by the transport through the  g a s  phase .  

F igure  6.3 i l lus t ra tes  a recent zone-refining ex-  
periment. T h e  resist ivity ratio a t ta ined  after 35 

D. S. Eas ton  and J. 0. Betterton, Jr., Metals and 18 

Ceramics Div. Ann. Progr. Rept.  June 30, 1965, ORNL- 
3870, pp. 32-33. 

Laing, Analytical Chemistry Division. 
19 Analyses performed under the supervision of W. R. 

R. M. Treco, Trans. Am. SOC. Metals 45, 254 (1953). 2 0  

'lD. L. Douglas, At. E n e r g y  Rev. 1, 101-4 (1963). 

"L. Renucci and J. P. Langeron, Compt. Rend. 264, 
673 (1967). 

23Nitrogen impurity l e s s  than 3 at .  ppm a t  the low- 
oxygen end of the bar was  too small  to be  significant for 
h te rpre ta  tion of the intercept. Nitrogen increased to 
12 at. ppm a t  the high-oxygen end of the rod, and thus 
nitrogen was  zone refined a t  the same time as  oxygen in  
this experiment. 

100 150 200 250 300 0 50 
OXYGEN ANALYSIS (at. ppm) 

Fig. 6.2. Correlation Between Oxygen Content and 

Resist iv i ty  in Zone-Refined Zirconium. Annealed 48  hr 
at 800OC. 

. 

p a s s e s  w a s  1300, which i s  t he  h ighes t  ye t  a t ta ined  
in zirconium. One point i l lustrated on Fig .  6.3 is 
that when oxygen and other impurit ies a r e  low 
enough so tha t  t he  resist ivity ratio exceeds  800, 
th i s  ratio i s  not decreased  by annealing. T h i s  is 
important, s i n c e  it i s  necessary  to  annea l  t h e  a s -  
zoned rod to produce strain-free c rys ta l s .  

EFFECTSOFHEATTREATMENTAND 
IMPURITIES ON CRITICAL CURRENT DENSITY 
OF TRANSITION-METAL SUPERCONDUCTORS 

J. 0. Betterton, Jr. D. S. Eas ton  
J. 0. Scarbrough 

The  program to inves t iga te  the  role of intersti t ial  
impurities in increas ing  the  precipitation enhance- 
ment of cri t ical  current dens i ty24  w a s  continued by 
an experiment that  showed that Zr-50 at .  $6 Nb 
alloy after zone  purification had very little precipi- 
tation enhancement. Another result  w a s  that t h e  

24J.  0. Betterton, Jr., G. D. Kneip, Jr., D. S. Easton, 
and J. 0. Scarbrough, U.S. Pa ten t  3275480, Sept. 27, 
1966, and U.S. Pa ten t  3215569, Nov. 2, 1965. 



4600 

4200 

P 
k a LL 800 

0 

31 

OANL-DWG 67-40286 

0 ZONED 35 PASSES 
ZONED 35 PASSES AND 

- ANNEALED= 7hr AT 840°C __ 

2 0 2 4 6 8 io 
DISTANCE FROM ZONE START (ern) 

Fig. 6.3. Var ia t ion of the Resist iv i ty  Rat io  Along a Zone-Refined Zirconium Rod. 

alloy Ti-30 at. % Ta showed a larger precipitation 
increase  in the  oxygen-bearing alloy than in the  
alloy without oxygen addition. T h i s  i s  in cont ras t  
to Ti-60 at. % Ta, where w e  were unable ea r l i e r25  

to show any change in the  precipitation enhance- 
ment with oxygen additions.  Thus ,  for at l e a s t  part  
of t he  composition range in each  of t h e  four alloy 
sys t ems  Zr-Nb, Hf-Nb, Ti-Nb, and Ti-Ta in te rs t i t i a l  
additives have increased the  magnitude of t he  
precipitation enhancement. J. 0. Betterton, Jr., D. S. Easton, and J. 0. 2 5  

Scarbrough, Metals and Ceramics Div. Ann. Progr. R e p t .  
June 30, 1966,  ORNL-3970, pp. 27-29. 
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7. Fundamental Ceramics Research 
W. Fulkerson 

T h e  Fundamental Ceramics  Research  Program 
h a s  been es tab l i shed  to  encourage a more coordi- 
nated effort of b a s i c  ceramics  research in the  
Metals and Ceramics Division by es tab l i sh ing  a 
common program to  which seve ra l  research groups 
can contribute. W e  an t ic ipa te  that a coordinated 
program will l ead  to a better understanding of 
ceramic materials as well as to  better exchange 
of ideas  between fundamental and applied groups. 
As  a mechanism for achiev ing  th i s  cohesion, w e  
have decided to focus  attention init ially on a 
single material of general  in te res t ,  uranium mono- 
nitride. T h i s  compound is a member of an import- 
ant class of ceramics ,  t he  so-called refractory hard 
metals, and is also a n  important advanced nuclear 
fuel candidate. 

URANIUM NITRIDE INTERGROUP BASIC 
RESEARCH PROGRAM 

W. Fulkerson 

Because  of the nuclear fue l s  research on ura- 
nium nitride in the  Ceramics  Technology Group 
( s e e  Pa r t  11, Chap. 18), good quality pressed-and- 
sintered specimens a re  ava i lab le .  Work is now 
under way in t h e  Crys ta l  P h y s i c s  Group to grow 
large s ingle  c rys ta l s .  T h u s ,  research-quality 
specimens are ava i lab le ,  and  the  prospects for 
specimens of improved quality a re  excellent. 
Furthermore, we will  soon  know enough about t he  
thermodynamics of t he  uranium-nitrogen system to 
enable u s  to control t h e  stoichiometry of UN 
during an experiment by regulating the  nitrogen 
overpressure. T h i s  background work on UN is 
incentive for proceeding with more fundamental 
work on th i s  material ,  some of which h a s  already 

been initiated. T h i s  will  eventually involve the  
cooperative efforts of 11 groups in the  Division. 

Uranium nitride is a meta l l ic  conducting com- 
pound; t h i s  expla ins  its relatively high thermal 
conductivity, one  of i t s  important attractions as a 
reactor fuel. T h e  Phys ica l  Proper t ies  Group is 
making careful measurements of thermal con- 
ductivity, e lec t r ica l  res i s t iv i ty ,  and Seebeck 
coefficient, as functions of stoichiometry and of 
alloying with isomorphous ac t in ide  compounds. 
From t h e s e  measurements,  t h e  magnitude and tem- 
perature dependence of t h e  l a t t i ce  and electronic 
components of the  thermal conductivity can  be  
determined. Some preliminary resu l t s  a r e  
presented below. 

T o  have  a b a s i s  for t he  theoretical  interpretation 
of transport and o ther  property da t a  for UN, the  
Theoretical  Research Group is modifying i t s  band- 
theory calculation techniques  ( s e e  Chap. 10) to 
handle the  UN case of two atoms per primitive 
cell. Init ial  ca l cu la t ions  have been performed for 
Ti0 in  order to compare to  t h e  augmented plane- 
wave method r e su l t s  for t h i s  material. As  a check 
with experiment, e lec t ronic  dens i ty  of states 
calculated from band theory will be  compared to 
the  density of s t a t e s  obtained by the  Theory of 
Alloying Group from low-temperature spec i f ic  hea t  
measurements. 

To understand phenomena dependent on defect 
structure, such  a s  the  diffusion of fission-product 
impurities and mechanical creep, t h e  self-diffusion 
coefficients of uranium and nitrogen must b e  de- 
termined. T h e  self-diffusion of nitrogen in UN h a s  
been measured, and preparations by the  Diffusion 
i n  Solids Group a r e  nearly complete to measure 

'T. J. Sturials and M. A. DeCrescente,  Self-Diffusion 
of Nitrogen in Uranium Mononitride, PWAC-482 
(October 1965). 
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the  self-diffusion of ’U in  UN as a function of 
stoichiometry for large-grained arc-melted speci-  
mens by a nondestructive alpha-spectroscopy 
method ( s e e  Chap. 4) .  

A number of other s tud ie s ,  including migration 
of implanted helium bubbles  in a thermal gradient, 
creep, ine las t ic  neutron diffraction, magneto- 
res i s tance ,  and sur face  reac t ions  a re  being planned 
or await  t he  availabil i ty of better quality s ing le  
crystals.  

THERMAL CONDUCTIVITY OF UN 

J. P. Moore R. K. Williams 
D. L. McElroy 

Figure 7 . 1  shows  some preIiminary thermal con- 
ductivity da t a  taken on a pressed-and-sintered UN 
pellet ,  96% of theoretical  dens i ty ,  containing about 
1000 to 2000 ppm 0 as second-phase  UO, (1  to 2 
vol 76). T h e s e  da t a  were obtained with the com- 
parative longitudinal hea t  flow apparatus2 and 
were corrected to theoretical  dens i ty  by dividing 
by the  fraction of theore t ica l  density.  T h e  oxide  
second phase  was  corrected for by assuming that 
it acts l ike  pores  of equal  volume. T h e  corrected 
da ta  lie 1 2  to 15% lower than resu l t s  reported by 
Bat te l le3  for arc-melted theoretically dense  UN 
a s  extrapolated from da ta  above  200OC. An indi- 
cation that t he  dens i ty  correction w e  used  is 
reasonable is tha t  t he  e lec t r ica l  resist ivity of the  
ORNL pellet  w a s  156 microhm c m  at room temper- 
ature, which is about 5% higher than the  extrapo- 

0.20 1 I I 

lated BMI value for arc-melted material. T h e  ORNL 
thermal conductivity d a t a  a r e  near t he  lower bound- 
ary of the  range of va lues  reported by Bat te l le4  
for polycrystall ine UN spec imens .  T h i s  range is 
indicated by the  dashed curves  on Fig.  7.1 and 
was  obtained by correcting the  BMI results to 
theoretical dens i ty  and then extrapolating the  da t a  
to temperatures below 200°C. Also shown on Fig.  
7.1 is one  point tha t  we5  obtained several  yea r s  
ago on a 94.5% d e n s e  specimen of UN that also 
had about 2 vol % oxide  second phase.  T h i s  point 
is about 7% below our present  results.  

T h e  oxygen concentration in  the  present spec i -  
men will b e  reduced by hea t  treatment, and the  
thermal conductivity and e lec t r ica l  resist ivity will 
b e  remeasured to demonstrate t he  effect  of th i s  
impurity. 

’5. P. Moore, R. S. Graves, T. G. Kollie, and 
D. L. McElroy, Thermal Conductivity Measurements 
on Solids Between 20 and  15OoC Using a Comparative- 
Longitudinal Apparatus: Resu l t s  on MgO,  BeO,  Tho,, 
ThxUl--x02 + y ,  and  AI-UO, Cermets, ORNL-4121 
(June 1967).  

3R. W. Endebrock, E. L. Fos te r ,  Jr., and D. L. 
Keller, Preparation and  Proper t ies  of Cas t  UN, BMI- 
1690 (August 1964).  

4E. 0. Speidel and D. L. Keller, Fabrication a n d  
Properties of Hot -Pressed  Uranium Mononitride, BMI- 
1633 (May 30, 1963) .  

’T. G. Kollie, D. L. McElroy, R. S. Graves, and W. 
Fulkerson, “A Thermal Comparator Apparatus for 
Thermal Conductivity Measurements from 50  to 4OO0C,” 
pp. 651-76 in International Symposium on Compounds 
of Znterest in Nuclear  Reac tor  Technology, ed. by J. T. 
Waber, P. Chiotti,  and W. N. Miner, AIME Metallurgical 
Society, New York, 1964. 

ORNL-DWG 67-10287 

EXTRAPOLATED 
RANGE OF BMI RESULTS 
FOR POLYCRYSTALLINE 

t SPECIMEN -- EXTRAPOLATED RESULIS 

n z s 
_I a 

A ORNL COMPARATIVE-LONGITUDINAL 
APPARATUS (PRESENT RESULTS) 

ORNL THERMAL COMPARATOR 
(1964 RESULTS) 

014 - 

I I 
50 400 150 200 250 

TEMPERATURE (“C) 

I t- 

ot2 
0 

Fig. 7.1. Thermal Conductivity of Uranium Mononitride. Preliminary results for  two pressed-and-sintered speci-  

mens compared to BMI results on arc-melted material .  



8. Physical Ceramics Studies 

C. S. Morgan 

6 5  

T h e  increas ing  application of high-temperature 
technology h a s  made the  understanding of solid- 
s t a t e  p rocesses  in ceramics  more important. Sin- 
tering, diffusion, and deformation s tud ie s  designed 
to advance our understanding of b a s i c  phenomena 
at  high temperature in  ceramic mater ia l s  are being 
carried out. Densification k ine t ic  s t u d i e s  have 
demonstrated the  s ign i f icance  of p l a s t i c  flow in  
sintering. Study of self-diffusion in thoria i s  in- 
tended to  correlate t h e  diffusion p rocess  with the  
thoria substructure.  Deformation of single-crystal  
uranium dioxide is being analyzed t o  determine 
de ta i l s  of high-temperature d is loca t ion  behavior. 

5 t h  HEATING WITHOUT ISOSTATIC 
' PRESSING 

MATERIAL TRANSPORT IN SINTERING 

C. S. Morgan 
Extens ive  investigation o f  t he  in i t ia l  densifica- 

tion k ine t ics  of highly s in te rab le  oxide  powders 
h a s  sugges ted  that d i s loca t ion  motion contributes 
subs tan t ia l ly  to  the  material  transport .  '* '  Obser- 
vation of the  effect of i sos t a t i c  press ing  on sub- 
sequent  densification of partially s in te red  ceramic 
powder compacts also s u g g e s t s  a dislocation con- 
tribution to the  material transport. In t h e s e  experi- 
ments powder compacts of thoria were partially 
sintered, i sos ta t ica l ly  p re s sed  a t  45,000 ps i ,  and 
resintered. Small amounts of densification oc-  
curred, which were attr ibutable to  the  i sos t a t i c  
pressing. R e s u l t s  a r e  summarized in Tab le  8.1. 

T h e  effect  of i sos t a t i c  p re s s ing  i s  s e e n  more 
clearly in F ig .  8.1. Here T h o ,  powder compacts 
were heated to temperature a t  3'C/sec without a 

1 C. S. Morgan and C. S. 
182-90 (1963). 

Yust ,  J. N u c l .  Mater. 10, 

' C .  S. Morgan, C. J. McHargue, and C. S. Yust, Proc. 
3 C. S. Morgan and L. L. Hal l ,  J .  Am. Ceram. SOC.  50, 

Brit. Ceram. SOC.  3, 177-84 (1965). 

382-83 (1967). 

measurable hold a t  temperature. T h e  specimens 
were hea ted  th i s  way four t imes; they were then 
i sos ta t ica l ly  pressed  a t  45,000 p s i  and  hea ted  
again. Additional densification occurred on t h i s  
l a s t  hea t  treatment. An i sos t a t i c  press ing  e f fec t  
was  not observed on  MgO and CaO compacts  u n l e s s  
they contained added colloidal par t ic les  of Tho, 
or SiO,. 

T h e  resu l t s  a r e  in agreement with t h e  pos tu la te  
tha t  d i s loca t ions  a r e  put into t h e  partially s in te red  
compacts during i sos t a t i c  pressing. At room tem- 
perature t h e  d is loca t ions  c a n  not move extensively 
and tend to p i le  up a t  obs t ac l e s ,  but on hea t  treat- 
ment their  movement resu l t s  i n  densification in  ad- 
dition to what would have occurred without t he  
press ing  s tep .  
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Fig. 8.1. Var ia t ion of Densi ty  with Number of F i r ings 

for Thoq Specimens Brought to  Temperature Without a 

Measurable Hold  a t  Temperature. 

isostatically pressed after the fourth heating. 

The specimens were 
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T a b l e  8.1. Densi f icat ion Response of Powder Compacts 

Compact Density, g/crn3 

. 

After Isostat ic  After Refiring Increase 
P res s ing  to 1250°C (from highest  After Initial Material Initial Firing 

a t  45,000 ps i  a t  3'C/sec previous density) Firing 

1 hr  a t  1250°C Tho, 6.31 6.32 6.34 0.02 
6.30 6.30 6.31 0.01 
6.31 6.31 6.33 0.02 

To 1450°C a t  3OC/sec T h o 2  8.11 8.10 8.13 0.02 
8.16 8.16 8.19 0.03 

To 1450°C a t  3OC/sec Tho,-1.4% CaO 7.00 7.00 7.06 0.06 

6.91 6.92 6.95 0.03 
6.84 6.84 6.87 0.03 

PROGRESSIVE SHAPE CHANGES OF: THE VOID 
DURING SINTER ING4 

until approximately 99% of theoretical  density is 
attained. T h e  void s h a p e s  observed i n  th i s  work 
are compared with s t ruc tures  observed in  other 
materials.  T h e  void removal p rocess  described 
here  is contrasted with tha t  descr ibed  by other 
sintering 

L i d a  K. Barrett' c. s. Yust  

T h e  geometric changes  tha t  occur  i n  the  void in  
a s in te r ing  m a s s  of copper par t ic les  were examined 
in detail .  T h e  changes  in void s t ruc ture  were ana- 
lyzed by study of two-dimensional c r o s s  sec t ions  
and drawings of three-dimensional void volumes 
reconstructed from c lose ly  spaced  se r i a l  sec t ions .  
A phenomenological model of t h e  p rocess  of void 
removal is presented, based  on the  ana lys i s  of the  
void s h a p e  changes .  T h e  irregular nature of the  
s tacking  of par t ic les  and of t h e  par t ic les  them- 
s e l v e s  is accounted for in the  model. A mathemati- 
cal quantity, t he  proximity number, is defined and 
used  as  a tool to fac i l i t a te  t he  description of t he  
void removal. T h e  pattern of void removal is 
largely independent of the  original s h a p e  of t he  
par t ic le  and t h e  green dens i ty ,  although the  r a t e  
of removal is influenced by t h e s e  factors.  T h a t  
part  of t h e  void having the  sma l l e s t  dimensions 
and the  most complex configuration (i .e. ,  having 
the  lowes t  proximity number) i s  removed first ,  fol- 
lowed by that part of the  void having  the  next 
lowes t  proximity number. I so la ted  porosity occur s  
first  as large definitely nonspherical  s ec t ions  of  
the  void volume. Porosity d o e s  not spheroidize 

4Abstracted from Trans. Met. SOC. AIME 239(8), 
1172-80 (August 1967).  

DEFORMATION OF SINGLE-CRYSTAL 
URANIUM DIOXIDE 

c. s. Yust  

Our intent is to achieve  an  understanding of t h e  
deformation o f  t h e  UO, la t t ice ,  which, in combina- 
tion with s t u d i e s  on  grain-boundary p rocesses ,  
may lead  to usefu l  knowledge concerning deforma- 
tion of polycrystall ine ceramics.  Stoichiometric 
uranium dioxide s ingle  c rys ta l s  for compression 
tes t ing  a re  prepared in spec i f i c  orientations i n  the  
form of rectangular prisms. T h e  su r faces  a re  chem- 
ica l ly  polished to remove sur face  sou rces  of dis- 
loca t ions  and to  permit t he  observation of s l i p  
t races .  Specimens have been deformed a t  tempera- 
tu res  ranging from 550 to 14OOOC. Two different 
orientations were investigated at 55OOC and both 
of t h e s e  orientations yielded s l ip  on t h e  antici-  
pated (1001 (110) s l i p  system. Electron micro- 
graphs of t h e  s l i p  p lane  of deformed uranium diox- 
ide  revealed numerous loops,  extended in (110) 
directions (F ig .  8.2). Analys is  of t h e  Burgers 
vector for some of t h e  dislocation loops  indicated 

5Consultant from the University of Tennessee.  that  t he  extended s i d e s  of the  loops  a r e  of an  edge  
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Fig. 8.2. Dis locat ion Loops in  Single-Crystal  U02 Deformed 4.5% in Compression o t  1000°C. Loops are ex- 

tended in a (110) direction. 15,OOOx. 

character. In specimens deformed extensively a t  
a very slow rate a t  14OO0C, dislocation networks 
formed a s  deformation progressed. 

SUBSTRUCTURE EFFECT ON DIFFUSION 
OF THORIUM IN Tho, 

L. E. P o t e a t 6  C. S. Morgan 

T h e  influence of substructure on self-diffusion 
in T h o ,  is being evaluated by measuring the dif- 
fusion coefficient in s ing le  c rys t a l s ,  sintered pow- 
der compacts, and sol-gel specimens.  A wide 
range of grain s i z e s  is being t e s t ed  to determine 
the relative contributions of grain-boundary and 
volume diffusion. Preliminary resu l t s  with s ing le  
c rys ta l s  indicate tha t  a t  1500OC the  diffusion coef- 
f icient is sharply lower than va lues  obtained on 

6 Consultant from Clemson University, Clemson, S.C. 

sintered powder specimens,  while  a t  130OOC i t  is 
m o r e  comparable. 

COMPRESSIVE CREEP OF SOL-GEL Tho, 

L. L. Hall  C. S. Morgan 

Cylindrical spec imens  of T h o ,  prepared by sin- 
tering of pressed  sol-gel powder a t  1800OC were 
examined after compressive creep. Extens ive  
grain-boundary s l id ing  and twis t ing  occurred dur- 
ing the  creep. T h i s  caused  t h e  specimen density,  
which was  init ially about 91% of theoretical ,  to 
rise and then dec l ine  a s  the c reep  continued. Sol- 
gel specimens exhibited c reep  a t  temperatures as 
low a s  65OOC. Deformation of more than 13% was  
observed a t  145OOC. During creep under low con- 
s t an t  load a t  15OO0C, a charac te r i s t ic  three-stage 
curve was obtained. Strengths approaching 20,000 
ps i  were observed a t  145OOC. 

c 



. 

9. Physical Properties 

D. L. McElroy 

We a r e  attempting to understand heat transport 
phenomena in so l id s  over a broad temperature range 
from da ta  obtained by u s e  of accura te  methods of 
measuring interrelated phys ica l  properties.  We a r e  
primarily concerned with accura te  high-temperature 
thermal conductivity da ta ,  bu t  complementary mea- 
surements of other properties such  a s  e lec t r ica l  
resist ivity,  thermoelectric power, spec i f ic  hea t ,  
and thermal radiative properties assist t h i s  under- 
standing. Property ana lys i s  on certain well-charac- 
terized so l id s  permits evaluation of ex is t ing  the- 
ories,  and th i s  may l ead  to  reliable property pre- 
diction ou t s ide  the  range of ava i lab le  da ta .  T h i s  
program s e r v e s  a prac t ica l  purpose,  s i n c e  needed 
high-temperature da t a  and  the  development of mea- 
surement capac i ty  a r e  natural  by-products. 

HEAT TRANSPORT IN SILICON FROM 
TO 1300°K ( re f .  1) 

W. Fulkerson R. K. Williams 
J.  P. Moore R. S. Graves 

D. L. McElroy 

100 

Resu l t s  a r e  presented of measurements of the  
thermal conductivity (90 t o  1328"K), t h e  electrical  
resist ivity (300 to  1273OK), and t h e  Seebeck coef- 
f icient (350 to 1273OK) for single-crystal  and large- 
grained polycrystall ine specimens of 99.99+% pure 
si l icon. T h e  thermal conductivity above 387OK w a s  
measured by an  absolu te  radial  hea t  flow technique, 
while below 350°K an absolu te  longitudinal method 
was  used .  Some intermediate thermal conductivity 
measurements from 300 to  400°K were made on a 
polycrystall ine material with a comparative longi- 

. 'Abstracted from paper to  be submitted to  Phys ica l  
Review for publication. 

tudinal hea t  flow apparatus.  T h e  estimated errors 
of t h e s e  three thermal conductivity methods were 
k2% 12OK, *1.2% *O.l°K, and *4.0% k l0K respec- 
tively. T h e  es t imated  error w a s  *1.4% k2OK for 
t he  e lec t r ica l  res i s t iv i ty  measurements and  t1.670 
k2OK for the  Seebeck measurements. T h e  thermal 
conductivity va lues  were compared to contradictory 
da t a  from the li terature and corroborate t h e  higher 
temperature resu l t s  of Glassbrenner  and Slack. 
We agree  with their conclusion that t h e  electronic 
contribution is reasonably close to theoretical  es- 
t imates  that inc lude  a l a rge  ambipolar diffusion 
term, T h e  temperature dependence of t h e  la t t ice  
thermal r e s i s t ance  h a s  been compared to various 
theoretical  models,  but no approach s e e m s  to ex- 
plain t h e  data in detail .  An abrupt s lope  change 
in the  thermal res i s t iv i ty  at about 670°K is a major 
c a u s e  of the  difficulty. 

ELECTRONIC HEAT 

W. Fulkerson 
J .  P. Moore 

TRANSPORT AN ALY SI S3 

R.  K. Williams 
D. L. McElroy 

Crit ical  evaluation of the  temperature dependence 
of t h e  Lorenz number is a major part of t h e  ana lys i s  
of hea t  transport i n  meta ls  and alloys.  L a s t  yea r4  
us ing  two approaches w e  obtained Lorenz numbers 
for certain metals tha t  deviated from t h e  Sommer- 
feld l i m i t .  Two further more powerful ex tens ions  
were t e s t ed  and revealed similar deviations.  

2C.  J. Glassbrenner and G. A. Slack, P h y s .  Rev. 134, 
A1058-69 (1964). 

3 This  sect ion is largely summarized from a paper by 
W. Fulkerson and R. K. Williams, in preparation. 

and Ceramics Div. Ann. Progr. Rept .  June 30, 1966, 
ORNL-3970, pp. 38-39. 

4W. Fulkerson, R. K. Williams, and J. P. Moore, Metals 
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Fi r s t ,  t he  curve plott ing approach w a s  extended 
by u s e  of computer s t a t i s t i ca l  f i t t ing techniques 
assuming theoretical  functional forms for the  tem- 
perature dependence of t h e  l a t t i ce  thermal conduc- 
t ivity and the  Lorenz number of a pure metal. Two 
theoretical  ca lcu la t ions  5 , 6  for t he  temperature de- 
pendence of t he  Lorenz number L ( T )  were approx- 
imated to  be t te r  than 3% by a simplified equation 

L(T)  = L,[1 - exp ( T / 8  + 0.214)1 , ( 1) 
where the  exac t  interpretation of 8 is yet t o  b e  es- 
tablished. Three  l a t t i ce  thermal conductivity ex- 
press ions  are used: K ,  = 0; K ,  = A / T ;  and K ,  = 
A / T  + B / T 2 .  T h e  complexity of t h e  expression 
chosen is related t o  t h e  relative magnitude of the 
ratio of lattice t o  total  thermal conductivity. Data  
a re  analyzed, presuming L ,  and 8 a re  unknowns, 
t o  choose  8 values  corresponding to the  minimum 
standard deviation of t he  fit to  the  thermal conduc- 
tivity and electrical resist ivity da t a  input. T h e  8 
value at a minimum standard deviation cons is ten t  
with t h e  da ta  input is used  to  obtain the  la t t ice  
thermal conductivity and L,, t h e  high-temperature 
limit of L(T).  

A second approach involves  ana lys i s  of the  effect 
of dilute controlled impurity addi t ions  on the l a t t i ce  
and electronic thermal conductivity of a pure ele- 
ment. For  certain alloy additions,  we assume tha t  
the lattice thermal conductivity is unchanged or 
that the  change can  b e  calculated.  W e  further a s -  
sume that t he  electronic thermal resist ivity can b e  
analyzed in terms of an impurity part and a part 
characterist ic of t h e  pure defect-free element, both 
parts unrestricted with respec t  to the  temperature 
dependence of the  Lorenz number. Then accurate 
thermal conductivity and e lec t r ica l  resist ivity data 
a t  a given temperature on a pure element and a 
dilute alloy, s a y  tungsten and W-2% Ta, can b e  
treated to  yield t h e  Lorenz number of the pure 
defect-free metal a t  t h i s  temperature. By doing 
th i s  a t  several  temperatures, t h e  temperature de- 
pendence of t h i s  Lorenz number can  b e  obtained. 

Within experimental uncertainties both methods 
yield the  same resu l t s  for tungsten.  Similar r e su l t s  
were obtained for iron. T h e s e  a re  t h e  only two ele- 

’A. H. Wilson, The Theory of Metals, 2nd ed., The 
University P res s ,  Cambridge, England, 1958. 

6J. M. Ziman, Proc .  Roy. Soc. (London) Ser. A 226, 
436-54 (1954). 

7 W. Fulkerson and R. K. Williams, Proceedings of the 
Sixth Conference on Thermal Conductivity, Dayton, Ohio, 
Oct. 19-21, 1966, pp. 807-19 (limited distribution). 

ments for which sufficient accura te  e lec t r ica l  re- 
s i s t iv i ty  and thermal conductivity da ta  ex is t  to  
permit t he  comparison. T h i s  lack  of accurate d a t a  
is the  reason for our increased  measurement ac -  
tivity in the  100  t o  400°K range. In addition the  
s t a t i s t i ca l  technique w a s  applied to  da ta  ava i lab le  
for aluminum, copper, and platinum. The  resu l t s  
indicate that t he  Wiedemann-Franz-Lorenz law is 
obeyed by aluminum and copper, but for t h e  transi- 
tion metals  high-temperature deviations were noted. 

T h e s e  deviations a r e  of extreme importance in 
predicting thermal conductivity va lues  outs ide  the 
range of ava i lab le  data and in understanding h e a t  
transport. There a re  at l e a s t  three poss ib le  c a u s e s  
for high-temperature deviations:  (1) ambipolar 
transport due to band overlap,  (2) i ne l a s t i c  elec- 
tron-electron scattering, and (3) nonnegligible 
second-order terms in the  series solution of the  
Boltzmann transport equation. We are studying the 
theories of t h e s e  mechanisms,  and we a re  attempt- 
ing to obtain e lec t r ica l  res i s t iv i ty  and thermoelec- 
tr ic power da t a  to  high temperatures for interpreta- 
tion. 

FERROMAGNETIC STUD1 ES 

T. G. Kollie D.  L. McElroy 

T h e  energe t ics  of ferromagnetic materials are 
being studied by  determining spec i f i c  hea t ,  electri-  
cal resist ivity,  and thermoelectric power of iron, 
nickel, and iron-nickel a l loys .  

A pu l se  calorimeter for measuring t h e  spec i f ic  
hea t  of electrical  conductors from 25 to  900°C was  
described. T h e  technique employed w a s  unique 
in that a digital  voltmeter, which was  capable  of 
recording 400 readings per second to  a readabili ty 
of 0.1% of full s ca l e ,  was  used  t o  measure the 
transient temperature and power s igna l s .  A cal-  
culated determinate accuracy of 99% was  achieved. 
Measurements of t he  spec i f i c  heat of high-purity 
iron from 25 t o  900°C confirmed th i s  ca lcu la ted  
accuracy and were repeatable t o  within +0.5%. T h e  
calorimeter w a s  capab le  of measuring t h e  spec i f ic  
hea t  rapidly a t  temperature in te rva ls  a s  small a s  
0. l0C. Modifications a r e  suggested t o  decrease  
the  measurement errors to  0.5% and t o  inc rease  t h e  
temperature range to from - 190 to 140OOC. 

‘T. G. Kollie, “Specific Heat Determinations by P u l s e  
Calorimetry Utilizing a Digital  Voltmeter for Data Acqui- 
si t ion,” accepted for publication in The Review of Scien- 
tific Instruments. 
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Using the pulse-heating calorimetric technique 
described above, we measured t h e  spec i f ic  hea t  of 
a second pure iron from 100 t o  85OOC. Our previous 
measurements on a less pure iron were confirmed 
and t h e  discontinuity in the  spec i f ic  hea t  of iron 
was  duplicated.  T h e  Curie transformation tempera- 
ture was  7OC lower for t h e  purer iron, probably due 
to  temperature measurement errors, To overcome 
t h e s e  and to improve the  versati l i ty of the tech- 
nique, we constructed a second system that in- 
corporates a specimen furnace to  allow measure- 
ments from - 190 to 140OOC. 

Our electrical  resistivity-thermoelectric power 
apparatus was  modified t o  provide da t a  continuously 
on iron to  145OOC. T h e s e  measurements were com- 
pleted on triple-zone-refined n icke l  to 115OoC a s  a 
prelude to  spec i f ic  hea t  measurements. 

A study was  init iated on iron-nickel a l loys  of t h e  
interaction of two cooperative phenomena - order- 
ing and  ferromagnetism. For example, Ni ,Fe h a s  
an order-disorder transit ion temperature of 503OC, 
a Curie temperature of 6OOOC in the  disordered 
s t a t e ,  but a Curie temperature of 72OoC in the 
ordered s t a t e .  T h e  order-disorder transformation 
is so sluggish that an ordered structure can b e  
maintained above t h e  transit ion temperature, and 
in th i s  c a s e  the  rapid pulse-heating method is idea l  
for u s e  in  property determinations. 

HEAT FLOW RESULTS 

1 

t 
I t  

W e  obtain accurate thermal conductivity resu l t s  
as a function of temperature for so l id s  by three 
complementary techniques employing controlled 
radial o r  axial  heat flow. 

i 
Radia l  Systems, 300 to  1300°K 

. 

J .  P. Moore R. K. Wil l iams 
R.  S. Graves D. L. McElroy 

T h e  radial system was  used  to  provide da ta  to 
complete the  work quoted above on sil icon. T h e  
system was  a l so  used  to determine the  thermal con- 
ductivity t o  1300OK of a 2-in.-tall specimen of 
T-111 alloy by  u s e  of D-43 alloy backup d i sks  to  
c rea te  a g-in.-tall specimen s t ack  ( s e e  Pa r t  11, 
Chap. 15 of th i s  report). 

mented heavy-wall cylindrical she l l  and an axial  
tube  core heater,  we devised  a radial hea t  flow 
method for measuring the thermal conductivity of 

By replacing t h e  specimen s tack  with an instru- 

powder specimens contained in the  200-cm3 an- 
nular space .  Systematic checks  us ing  a MgO-ni- 
trogen powder specimen es tab l i shed  t h i s  system 
as capable  of obtaining measurements repeatable 
to *0.5% and accura te  to  k2% between 300 and 
1300°K for g a s  pressures  below 2 atm. We m e a -  
sured thermal conductivity between 300 and 1300OK 
on vibratorily compacted T h o  , microspheres in 
helium and argon up t o  2 a tm.  The  powder had a 
dens i ty  of 84% of theoretical  for T h o ,  and was 
composed of 64% of 400-p-diam spheres  and 20% 
of 44-pdiam spheres .  According t o  theory the ef- 
fec t ive  thermal conductivity K ,  of a gas-powder 
system should inc rease  with temperature and 
K ,  (He) should b e  4 to 6 t imes  K ,  (Ar). However, 
our resu l t s  were nearly independent of temperature, 
and K ,  (He) was  only twice  K E (Ar) [at 800°K 
K ,  (He) was  0.0120 w cm-'OK-'  and K ,  (Ar) was  
0.0062 w cm-'OK-'1. 
the  small  s i z e  of t he  voids between particles,  
which l imits t he  g a s  mean free path and crea tes  
a loca l  high thermal res i s tance .  Since the  mean 
free path is pressure  sens i t ive ,  one  should observe 
a pressure  effect on K , .  Indeed, we noted a 50% 
increase  in K ,  (Ar) and a 250% inc rease  in K ,  (He) 
when the pressure  was  increased  from 0 .3  to 2.0 
atm. At sufficiently high pressures  K ,  should be- 
come pressure  invariant. T o  pursue th i s ,  we are 
developing a dual-purpose radial  hea t  flow system 
to extend the  powder measurements to 1 0  a t m  and 
1700OK. T h e  same system will allow measurement 
on 1-in.-diam solid specimens rather than the  3-in. 
specimens required by t h e  present apparatus. 

There  h a s  been no significant advance in the de- 
velopment of t h e  high-temperature guarded radial 
hea t  flow apparatus for measurements to 180O0K. 
T h e  major obs t ac l e  to  overcome is t h e  electrical 
leakage between the  measuring thermocouples and 
the core heater.  

T h e s e  resu l t s  a r e  due to  

Comparative Longitudinal  System9 

J. P. Moore R. S. Graves  
R. K. W i l l i a m s  

W e  have  used  a comparative longitudinal appara- 
t u s  to measure the  thermal conductivity between 

'Many of t hese  resul ts  a re  reported more fully by J. P. 
Moore, T. G. Kollie, R. S. Graves,  and D. L. McElroy, 
Thermal Conductivity Measurements on Solids Between 
20 and 159OC Using a Comparative-Longitudinal Appa- 
ratus: Resu l t s  of MgO, BeO, T h o  , T h x U 1 - , O z + y ,  and 
AI-UO, Cermets, ORNL-4121 (Junz 1967). 
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300 and 425OK of small uninstrumented specimens 
sandwiched with indium foils between iron meter 
bars  of known thermal conductivity. An error anal-  
y s i s  ind ica ted  a measurement uncertainty of from 
t 2  to  k3%. Indium foils were se l ec t ed  to dec rease  
the  interfacial  thermal r e s i s t ance  between the  
specimen and t h e  meter bars.  T h e  interfacial  re- 
s i s t a n c e  with indium foils decreased  with increas- 
ing pressure  i n  the range from 20 to 5000 ps i  and 
w a s  independent of temperature from 300 t o  425°K. 

Thermal conductivity measurements were made 
on MgO, so l -ge l  thoria, and oxa la te  thoria speci-  
mens for a variety of dens i t ies ,  and the  resu l t s  
were compared to t h e  equation Km/KT.D = (1 
p’)/(l + Pp’), where Km is t h e  measured ’thermal 
conductivity, K T . D ,  is the  thermal conductivity of 
theoretically dense  material ,  and p’ is the pore 
volume fraction. Experimental va lues  of ,8 obtained 
for MgO, sol-gel thoria, and oxa la te  thoria were 1, 
6.5, and 1.2 respectively.  

ThxUl - ,02+y  with va lues  for (1 - x) of 0.047, 
0.061, and  0.063 indicated a thermal conductivity 
as high as that of pure thoria when the specimens 
were s in te red  in  hydrogen (y = 0.0) but about one- 
half  that  of thoria when they were sintered in air  
0. = 0.03). 

The  e f fec ts  of neutron irradiation on t h e  thermal 
conductivity of Be0 were measured. A l so  resu l t s  
on a se r i e s  of cermets  cons is t ing  of aluminum and 
UO, were compared to a n  express ion  derived by 
Eucken for t h e  thermal conductivity of two-phase 
material. 

T h e  thermal conductivity of a variety of s o l i d s  
was  studied with this apparatus,  including the fol- 
lowing: (1) 96% theoretically dense  UN (see Chap. 
7 of th i s  report); (2) s i l i con  a s  affected by heat 
treatment and oxygen contamination; (3) Tm,03,  a 
potential radioactive hea t  source ;  (4) AlSiMag 222, 
a machinable refractory; (5) s eve ra l  g l a s s y  melts,  
potentially useful i n  d i sposa l  of radioactive was te  
materials;  (6) spec t roscopic  carbon rods whose 
thermal properties govern the i r  performance in ana- 
lytical  use ;  (7) s ing le  c rys t a l s  of UO, grown by 
the  centrifugal floating-zone technique; and (8) 
Conasauga s h a l e  l o  for a haza rds  evaluation in  
storage of buried radioactive was te s  in t h e  Oak 
Ridge area.  

Thermal conductivity measurements on 

‘OJ.  J. Dell’Amico, F. K. Captain,  and S. H. Chansky, 
Characterization and Thermal Conductivity of Some Sam- 
p l e s  of Conasauga Shale, ORNL-MIT-20 (June 1967). 

A dupl ica te  of t h i s  appara tus  for u s e  in  the High- 
Radiation-Level Examination Laboratory w a s  t e s t ed  
with some  of t h e  above-mentioned so l id s  and will 
b e  ins ta l led  in 1967. Slight modifications were 
made to t h e  original dev ice  to s tudy  the solid-solid 
interfacial  thermal r e s i s t ance  problem common to 
numerous reactor fuel elements.  Data from th i s  
study will b e  used  t o  design a high-temperature 
thermal conductance simulator. 

Absolute Longitudinal  System, 77 to 400°K 

J.  P. Moore R. S. Graves 
N . D. Woodall M.  Barisoni 

D. L. McElroy 

W e  found t h e  range 77 to 400°K to b e  such  a little- 
studied but  rich a rea  for thermal conductivity s t u d i e s  
on readily ava i lab le  so l id s  tha t  w e  duplicated and 
refined our original absolu te  longitudinal apparatus.  

Accurate measurements l 3  of thermal conductivity 
(+1.8%), e lec t r ica l  res i s t iv i ty  ( f0 .6%) ,  and Seebeck 
coefficient (k1.574) were obtained on 0.3 x 8-in. rod 
specimens.  T h i s  appara tus  w a s  u s e d  for measure- 
ments on a variety of so l id s  including platinum, 
high-purity iron, aluminum, s i l i con  (see above), and 
thoriated tungsten (see P a r t  11, Chap. 16 of t h i s  
report). 

Our thermal conductivity resu l t s  on a 99.999% 
copper specimen from s tock  previously measured a t  
t he  National Research Council  l 4  agree  to better 
than t ?,% in t h e  100°K range  of overlap. Our elec- 
t r ica l  res i s t iv i ty  and thermal conductivity resu l t s  
were compared to ex is t ing  theore t ica l  equations.  
Although copper is a s imple  monovalent metal  and 
an  idea l  tes t  material ,  t h e  thermal conductivity re- 
s u l t s  do not agree  with ava i lab le  theoretical  equa- 
t ions.  I s  

Noncitizen employee, on leave from CSM, Rome, 1 1  

Italy. 
lzCo-op s tudent  from Auburn University. 
13 J .  P. Moore, D. L. McElroy, and M. Barisoni,  Pro- 

ceedings of the Sixth Conference on Thermal Conductiv- 
ity, Dayton, Ohio, Oct. 19-21, 1966, pp. 737-78 (limited 
distribution). 

M. J. Laubitz,  National Research  Council, Ottawa, 
private communication (May 1966) of paper prepared for 
The Canadian Journal of Phys ic s .  

J .  P. Moore, R. S .  Graves, and D. L. McElroy, 
“Thermal Conductivity and Elec t r ica l  Res is t iv i ty  of 
High-Purity Copper from 78 to  400°K, ” to  be submitted 
for publication in The  Canadian Journal of Phys ics .  

1 4  

1 5  

. 
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A sys temat ic  study on anisotropic materials was  
started with measurements on single-crystal  and 
polycrystall ine indium rods. T h e s e  s tud ie s  will b e  
extended t o  titanium, zirconium, and hafnium. Ther- 
m a l  conductivity and electrical resist ivity resu l t s  
on electron-beam-melted tungsten and a W-2% Ta 
alloy were used  with t h e  two methods described 
above to separa te  the  lattice and electronic thermal 
conductivit ies.  Measurements on chromium and 
molybdenum are in progress. 

EQUIPMENT DEVELOPMENT 

R. K. Williams D. L. McElroy 

As indicated above, we are  pursuing several  ap- 
proaches to determine t h e  temperature dependence 
of the  Lorenz number for ca lcu la t ing  the electronic 
thermal conductivity. T h e s e  resu l t s  should be  cor- 
related with high-temperature electrical  resist ivity 
and absolu te  thermoelectric power data.  T h e s e  
data a re  needed for any meaningful treatment that 

may produce less restrictive b a s e s  for da ta  extrap- 
olation and thermal conductivity estimation. The  
requisite data will b e  obtained i n  our high-tempera- 
ture ultrahigh-vacuum furnace (5 x lo-’ torr at 
2200OC) on ultrahigh-purity metals free of contam- 
inating influences. For  ins tance ,  t h i s  system clean- 
l i n e s s  is i l lus t ra ted  by changes  in an arc-melted 
tungsten specimen with a res i s t iv i ty  ratio of 3400, 
which increased  to 4900 on annealing for 5 hr a t  
20OO0C and 6 x lo-’ torr. Similar t e s t s  were com- 
pleted on niobium and tantalum. The  components 
needed to  obtain high-temperature property data on 
a tungsten specimen a re  currently being assembled 
in th i s  furnace. 

As a result  of writing a chapter reviewing the 
methods based  on natural phenomena tha t  a r e  used  
to measure and control temperature in meta ls  re- 
search, l 6  we studied the drift of thermal e m f  of 
Chromel-P v s  constantan thermocouples in vacuum 
as a function of temperature ( s e e  Pa r t  11, Chap. 15 
of th i s  report). 

16 D. L. McElroy and W. Fulkerson, “Temperature 
Measurement and Control,” i n  Techniques in Metals Re-  
search, ed.  by R.  F. Bunshah, Wiley, New York, i n  press.  

1 

I ’  
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10. Theoretical Research 

J. S. Faulkner 

We are carrying out theoretical  inves t iga t ions  
of a number of phenomena in  so l id s  and also in  
atoms and molecules. Much of our effort h a s  gone 
into band-theory ca lcu la t ions  by the  Korringa-Kohn- 
Rostoker method us ing  techniques that we have  de- 
veloped. In addition to  the  completed work de- 
scribed below, progress h a s  been made on extending 
t h e s e  ca lcu la t ions  to  treat  sys t ems  with more than 
one atom per unit cell, to obtain wave functions,  
and to  include re la t iv i s t ic  correlations.  W e  have  
been ab le  to  supply theoretical  help to  other groups 
and individuals in t h e  Division, particularly in 
connection with our band-theory and crystal-field- 
theory calculations.  

THECALCULATIONOFCONSTANT ENERGY 
SURFACES FOR COPPER BY THE 

KORRINGA-KOHN-ROSTOKER METHOD 

J. S. Faulkner Harold L. Davis 
H. W. Joy 

Constant-energy sur faces  a re  ca lcu la ted  for a 
number of different energ ies  us ing  three  different 
potential functions for copper. E a c h  sur face  is 
specified by va lues  for 26,066 radii in k-space, 
the  radii be ing  ca lcu la ted  with the  Korringa-Kohn- 
Rostoker band-theory method. The  Fermi su r faces  
obtained are used  to d i s c u s s  t h e  ava i lab le  experi- 
mental resu l t s .  Values for t h e  electronic contri- 
bution to  the  low-temperature spec i f ic  heat tha t  
are not clouded by s t a t i s t i ca l  errors or interpola- 
tion difficult ies a re  calculated.  T h e  density-of- 
s t a t e s  curve for a range of energ ies  above  t h e  
d-bands is ca lcu la ted  with t h e  Chodorow potential. 
Questions concerning t h e  convergence of t he  cal- 
culation a r e  treated in  detail .  

'Abstract of a paper accepted for publication in The 
Phys ica l  Review. 

EFFECT OF HYDROSTATIC PRESSURE ON THE 
FERMI SURFACE OF METALLIC COPPER 

H. L. Davis  J. S. Faulkner 
H. W. Joy 

Calcula t ions  were performed relating to the  
change of the  Fermi sur face  of metall ic copper 
with hydrostatic pressure.  We used  our constant-  
energy-search technique, which is based  upon t h e  
Korringa-Kohn-Rostoker method of band theory. 
Detailed Fermi su r faces  were ca lcu la ted  cor- 
responding t o  three la t t ice  spac ings ,  a, 0.995a, 
and 0.99a, where a is t h e  normal l a t t i ce  cons tan t  
of copper. In obtaining t h e s e  Fermi su r faces ,  
s epa ra t e  potentials,  based  on t h e  Mattheiss'  
prescription, were ca lcu la ted  for e a c h  la t t ice  
spac ing  us ing  free-atom wave functions. T h e s e  
procedures lead t o  ca lcu la ted  changes of the  Fermi 
sur face  with pressures  that compare favorably with 
recent experimental deHaas-van Alphen resu l t s  of 
T e m p l e t ~ n . ~  Some of our resu l t s  for the  re la t ive  
pressure  change of orbital  c ross -sec t iona l  a r e a s  
a re  given in  Tab le  10.1 along with Templeton's 
experimental resu l t s .  T h e s e  resu l t s  a re  e spec ia l ly  
pleasing, s i n c e  the  only previous attempt4 to  cal- 
cu la t e  any of t h e s e  quant i t ies  predicted a negative 
value  for t h e  relative change  i n  a r e a  of the neck 
in  the  Fermi sur face  per unit p ressure  change. We 
have  also ca lcu la ted  other quant i t ies ,  including 
the  dens i ty  of s t a t e s  a t  t h e  Fermi energy, which 
we predict  will  dec rease  upon t h e  application of 
pressure ,  

'L. F. Mattheiss, Phys.  Rev. 133, A1399 (1964). 
3 I. M. Templeton, Proc. Roy. SOC. (London, Ser. A 

292, 413 (1966). 

(1963). 
4D. Caroline and J. E. Schirber, Phi l .  Mag.  8 ,  71 
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. 

T a b l e  10.1. R e l a t i v e  Change of Some Orbital  Cross- 

Sectional Areas, per Uni t  Pressure Change, for 

the Fermi  Surface o f  Copper 

The pressure uni ts  a re  kg/cm . 2 

___ _ _ _ ~  ~ -~ ___ 

Relative Change 
Orbit 

Calculated Experimental 

Neck +1.50 x lo-‘ +1.93 x lo-‘ 

111 +4.27 x +4.21 x IO-’ 

100 +4.53 x 1 0 - ~  Not available 

Dog’s bone +3.96 x Not available 

THEORY OF THE OPTICAL SPECTRUM OF B i t  
IN THE MOLTEN AIBr3-NoBr EUTECTIC 

H. L. Davis  

Within the  framework of crystal-field theory, a 
theore t ica l  interpretation was  previously given 
the  spectrum of the  Bit ion in a molten AlC1,- 
NaCl eutectic.5- A similar interpretation h a s  
now a l so  been given to  t h e  spectrum of Bit in t h e  
molten AlBr,-NaBr eutectic.’ T h i s  l a t e s t  work 
h a s  enhanced t h e  validity of the  previous a s se r -  
t ion tha t  the  B i t  spectrum is of a crystal-field 
nature, s i n c e  the  electron-repulsion parameter is 
shown to have the  expected downward shift  over 
the se r i e s :  free-ion, ion with chloride l igands,  
ion with bromide ligands. Experimental a s p e c t s  
of t h i s  problem are reported in Chap. 11 of t h i s  
report. 

CRYSTAL-FIELD CALCULATIONS 

N. Fogel’ H. W. Joy 

We are  us ing  our general-purpose computer pro- 
gram for one-center expans ions  l o  in a semiempiri- 
cal manner to  interpret ligand-field spec t ra .  We 
determine a n  appropriate cent ra l  charge by fi t t ing 
t h e  spectrum of the  i so la ted  ion, and we obtain the  
magnitudes and posit ions of neighboring point 
charges  by fitting the  spectrum of t h e  ion i n  a 
crystal .  For  each  trial  model Hamiltonian w e  de- 
termine t h e  orbitals variationally with t h e  methods 

built  into the  program. T h e  approach differs from 
previous semiempirical methods’ 1 , 1  i n  tha t  i t  is 
an  attempt to explicit ly ca l cu la t e  wave functions 
for t he  sys tem,  from which various other (some 
nonspectroscopic) properties may b e  obtained. 
Work so  far h a s  shown tha t  one c a n  indeed produce 
the  energy l eve l s  of crystal-field spec t r a  in  t h i s  
way for t hose  cases in which spin-orbit coupling 
is unimportant. A more complete treatment requires 
that t h e  computer program b e  modified to t a k e  
account of spin-orbit coupling. T h e s e  modifica- 
t ions  a re  under way. 

MASS-SPECTROMETRIC AND THEORETICAL 
EVIDENCE FOR NH, AND H,O (Ref. 13) 

Char les  E. Melton14 H. W. Joy 

T h e  unusual chemical s p e c i e s  H,O and NH, have 
been s tudied  us ing  both experimental and theoreti- 
cal methods. Experimentally the  s p e c i e s  were 
investigated by means of a mass spectrometer 
equipped with two  different reac tors  des igned  to  
produce reac t ive  spec ie s .  The  NH, w a s  produced 
by sur face  chemistry techniques ,  whereas H,O w a s  
produced by irradiating water vapor with ionizing 
e lec t rons .  A study of the  ionization potential  
of NH, by sur face  ionization techniques  gave  a 
value of 5.9 ev. T h e  ionization potential  of H,O 
w a s  measured by conventional techniques  and a 
va lue  of 10.9 e v  was  obtained. 

N. J. Bjerrum, C. R. Boston, G. P. Smith, and H. L. 

‘N. J. Bjerrum, C. R. Boston, and G. P. Smith, Inorg. 

5 

Davis, Inorg. Nucl .  Chem. Let te rs  1, 141-43 (1965). 

Chem. 6 ,  1162-72 (1967). 
7H. L. Davis,  N. J. Bjerrum, and G. P. Smith, Inorg. 

Chem. 6 ,  1172-78 (1967). 
‘N. J. Bjerrum, H. L. Davis, and G. P. Smith, “The 

Optical  Spectrum of Bismuth(1) in the Molten AlBr ;-NaBr 
Eutectic,” accepted for publication in Inorganic 
Chemistry. 

Norman. 

Rept. June 30, 1963, ORNL-3470, p. 11. 

Chem. SOC. 86, 4796-802 (1964). 

Rept.  June 30 ,  1966, ORNL-3970, p. 43. 

Journal of Chemical Phys ics .  

Chemistry Division. 

’Research participant from t h e  University of Oklahoma, 

‘OH. W. Joy, Metals and Ceramics Div. Ann. Progr. 

11 G. P. Smith, C. H. Liu, and T. R. Griffiths, J .  Am. 

12H. L. Davis, Metals and  Ceramics Div. Ann. Progr. 

‘,Abstract of a paper accepted for publication in  T h e  

14  
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In t h e  theoretical  investigation, t h e  phys ica l  predict a tetrahedral structure with internuclear 
parameters of the  s p e c i e s  were ca lcu la ted  by a d i s t ances  about 1.06 A for NH, and a planar H,O 
one-center expansion method. One- and two- molecule with bond d i s t ances  about 1 .03  A. The  
determinant wave functions a re  given including ionization poten t ia l s  of H,O and NH, were e s t i -  
s-, p - ,  and d-type orb i ta l s  for H,O and s-, p - ,  mated to  be  3.9 and 3.0 ev .  
and f-type orbitals for NH,. T h e  ca lcu la t ions  
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I .  

11. Spectroscopy of Ionic Media 
G. P. Smith 

Research in t h i s  group is concerned primarily 
with t h e  equilibrium behavior of ion ic  l iquids and 
so l id s  a s  revealed by e lec t ronic  absorption spec-  
troscopy. Top ics  inves t iga ted  most ex tens ive ly  
have been t h e  coordination geometry and e lec t ronic  
s t a t e s  of impurity ions  in  crystall ine,  g l a s sy ,  and 
molten sa l t s ,  oxidation-reduction p rocesses  in  
molten salts, and t h e  e f fec t  of melting on  coordi- 
nation geometry in  transition-metal compounds. 

Fo r  a long  t ime bismuth w a s  thought to have 
only two oxidation s t a t e s ,  Bi3+ and Bi”, formed 
by success ive ly  stripping and 6 p  and 6s e lec t rons  
from the  bismuth atom. About s i x  yea r s  ago we1  
and o the r s  obtained preliminary ev idence  for t h e  
formation of Bi+ and Bi,4t when bismuth metal  
d i s so lves  in  its molten trihalide salts. La ter ,  
Hershaft  and Corbett’ a t  Iowa Sta te  prepared a 
crys ta l l ine  material containing t h e  en t i ty  Bi, ’+ 
and showed tha t  it h a s  a very unusual geometry. 
T h e s e  resu l t s  init iated a sea rch  for low oxidation 
s t a t e s  i n  molten s a l t  sys tems.  L a s t  year we iden- 
t if ied Bit  i n  molten NaCl-AlCl, and KC1-ZnC12 
and es tab l i shed  from i t s  absorption spectrum tha t  
it h a s  a partially fi l led 6 p  e lec t ronic  shell .  Then  
we proved the  ex i s t ence  of Bi ,  ’ and Bi, ” and 
s tudied  some of the i r  chemical reactions.  More 
recently, Corbett3 prepared c rys ta l l ine  s a l t s  con- 
taining t h e s e  polynuclear ions.  Similar research 
on o ther  posttransit ion e lements  continues.  I t  h a s  
become c l ea r  that  t h e  posttransit ion e lements  i n  
general  have  a far more in t r ica te  chemistry than 
was  previously suspec ted .  

C. R.  Boston, G .  P. Smith, and L. C. Howick, J .  

2A. Hershaft and J. D. Corbett, Znorg. Chem. 2, 979 

3J. D. Corbett, Inorg. Nucl .  Chem. Letters 3, 173-76 

1 

Phys.  Chem. 67, 1849-52 (1963). 

(1963). 

(1 967). 

A second productive l i ne  of investigation h a s  
been concerned with what might loose ly  b e  ca l l ed  
“complex ions”  i n  molten sa l t s .  During the  p a s t  
decade  a la rge  number of inves t iga t ions  of t h e  
spec t r a  of molten s a l t  sys t ems  containing low con- 
centrations of transition-metal i ons  have had t h e  
objective of determining coordination geometry. 
A s  the  accuracy  of the  measurements improved i t  
became c lear  tha t  for a given ion  th i s  coordination 
geometry i s  an intricate function of temperature 
and sys tem composition. During the  p a s t  year we 
made subs tan t ia l  advances  i n  determining t h e s e  
pa t te rns  of behavior for Ni“ ions ,  and resu l t s  a r e  
reported here  for nickel cen ters  in LiC1-KC1, 
MgCl ,-KCl, and ZnCl ,-CsCl sys tems.  

for measuring t h e  absorption spec t r a  of both t h e  
c rys ta l l ine  and liquid phases  of a compound a t  
t he  s a m e  temperature sl ightly below the  melting 
point. T h i s  technique was  applied to Cs3NiC1, 
and CsNiCl, ,  which have  quite different c rys ta l  
geometries, to determine any change in t h e  coordi- 
nation geometry of nickel on melting, and the  re- 
s u l t s  a r e  reported here. T h i s  study w a s  tightly 
coupled to t h e  nickel-center s tud ie s  mentioned 
above. T h e  information on high-temperature crys- 
tal spec t r a  provided d a t a  needed i n  t h e  interpreta- 
tion of t he  nickel-center spec t ra ,  and t h e  la t te r  
provided the  b a s i s  for interpreting the  spectrum 
of molten CsNiC1,. A related so l id-s ta te  study 
d e a l s  with the  spec t r a  of nickel-doped alkali  
metal chloride c rys t a l s  a t  high temperatures. 

Reaction ra te  s tud ie s  were conducted on t h e  
oxidation of nitri te i ons  by perchlorate ions  i n  a 
molten lithium perchlorate solvent.  

num chloride and mixtures of aluminum chloride 
and sodium chloride. 

During the  p a s t  year we developed a technique 

Liquid  dens i t i e s  were determined for pure alumi- 

45 



46 

THE ULTRAVIOLET SPECTRUM 
OF THE Bi'  ION4 

N. J. Bjerrum5 C. R. Boston 
G. P. Smith 

Previous  work on the  lower oxidation s t a t e s  of 
bismuth gave the  v is ib le  and near-infrared spec-  
trum of Bi' i n  molten A1C13-NaC1 eutec t ic .  To 
obtain the  ultraviolet  spectrum of th i s  ion i t  w a s  
necessary  to eliminate Bi3+,  which absorbs  
strongly in t h i s  region. Reduction of d i lu te  so lu-  
t ions  of BiC1, in the  eu tec t i c  so lvent  with hydro- 
gen ins tead  of bismuth metal w a s  found to produce 
Bi+ es sen t i a l ly  f ree  of Bi3+. T h e  ultraviolet  
spectrum of th i s  Bi' solution showed very weak 
bands  a t  about 30,000 and 32,500 cm-' with osc i l -  
l a tor  s t rengths  of 0.3 x and 1.5 x re- 
spectively.  T h e s e  resu l t s  confirmed the  previous 
theoretical  ana lys i s  of the  e lec t ronic  structure of 
t h i s  ion. 

THE OPTICAL SPECTRUM OF BISMUTH(1) 
IN THE MOLTEN AIBr,-NaBr EUTECTIC6 

N. J .  Bjerrum' H. L. Davis7  
G. P. Smith 

Previously w e  showed tha t  t h e  absorption spec-  
trum of Bi' coordinated to chloride is rationalized 
very well i n  terms of intraconfigurational 6p2  +6p2 
transit ions sp l i t  by a l igand  field with a symmetry 
lower than cubic. B e c a u s e  of the  important role 
of the  l igands in determining the  de t a i l s  of t h e  
spectrum, i t  is in te res t ing  to observe  t h e  e f fec ts  
of changing from a chloride to a bromide environ- 
ment. Accordingly, w e  prepared Bi' by reduction 
of dilute so lu t ions  of BiBr, i n  t he  molten eu tec t ic  
A1Br3-32 mole % NaBr and determined i t s  absorp- 
t ion spectrum in  the  v i s ib l e  and near-infrared re- 
gions. Theoretical  ana lys i s  of the  resu l t s  shows  
that t he  ligand field electron-repulsion parameter 
dec reases  in the  expec ted  way over t h e  s e r i e s  
free ion, chloride l igands ,  and bromide l igands.  

4Abstracted from "Lower Oxidation S ta t e s  of Bismuth. 
Bi' and Bi53+ in Molten Sa l t  Solutions," Inorg. Chem. 
6(6), 1162-72 (June 1967). 

Visitor from Denmark, now a t  Technica l  University 
of Denmark. 

6Abstracted from "The Optical  Spectrum of Bismuth(1) 
in the Molten A1Br3-NaBr Eutectic," to be published in 
In  organic Chemistry. 
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7Theoretical  Research  Group. 

LOWER OXIDATION STATES OF BISMUTH. 
B ia2+  FORMED IN AICI,-NaCI MELTS8 

N. J .  Bjerrum' G. P .  Smith 

T h e  en t i ty  BiE '+ w a s  prepared by reaction be- 
tween e x c e s s  bismuth metal and d i lu te  so lu t ions  
of bismuth trichloride in molten mixtures of AlC1, 
and NaCl a t  130 to  250OC. T h e  reaction equation 
w a s  

22Bi(metal)  + 2Bi3+(so ln )  S 3BiE2+(so ln )  

With molten A1C13-37 mole % NaCl a s  solvent,  
spectrophotometric measurements show that t h i s  
reaction is disp laced  strongly to  t h e  right, so that 
t h e  oxidation s t a t e  of the  product c a n  be  es tab-  
l i shed  as +f/4 from a measurement of t he  number of 
moles of metal tha t  reac t  with a known amount of 
BiC1,. With molten NaA1C14 sa tura ted  with NaCl 
as so lvent  t h e  above  reaction l e a d s  to  an  equilib- 
rium with both Bi3+ and B i E z t  present  in measur- 
ab le  amounts. Spectrophotometric measurements 
on s u c h  equilibrium mixtures a t  various Bi3+ con- 
cent ra t ions  permit es tab l i shment  of the  complete 
reaction stoichiometry and, hence ,  f ix t h e  formula 
Bis '+. T h e s e  measurements g ive  no information 
on l igands  a t tached  to B i g 2 + .  

ELECTRONIC SPECTRA AND COORDINATION 
OF NICKEL CENTERS IN LIQUID 

LiCI-KCI MIXTURES9 

J .  Brynestad C.  R. Boston 
G. P. Smith 

T h e  e lec t ronic  absorption spec t r a  (4000 to 
28,000 cm-') of d i lu te  so lu t ions  of NiC1, i n  l iquid 
LiC1-KC1 mixtures were measured a t  representative 
so lvent  compositions from pure  L iC l  to pure KC1 
and temperatures from 363 t o  107OOC. Phenomeno- 
logically,  t h e  spec t r a  respond to changes  in tem- 
perature at high temperature and changes  in so lvent  
composition a t  low temperatures i n  ways  that a r e  
quantitatively very regular. At intermediate tem- 
peratures the  behavior is more intricate.  T h e  da ta  
agree  well with t h e  following model. Nickel i s  

'Abstracted from paper to be  published in Inorganic 
Chemistry. 

'Abstracted from paper to b e  published in  The Journal 
of Chemical Phys ic s .  
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partitioned between two types  of centers ,  labeled 
T and 0,  which are in  equilibrium. T h e  T/O con- 
centration ratio inc reases  with increasing temper- 
ature and KC1 content i n  the solvent.  At low tem-  
peratures t h e  fraction of each  kind of center var ies  
l inearly with the  mole fraction of KC1. T h e  O-cen- 
ter concentration falls below the  detection l i m i t  
a t  900°C in all so lvents  and in KC1 at all tempera- 
tures.  The  T centers  have a distribution of coordi- 
nation geometries about tetrahedral tha t  is narrow 
and composition invariant a t  low temperatures but 
broadens a t  high temperatures, espec ia l ly  in LiC1- 
rich melts,  and becomes composition dependent. 
T h e  0 centers  a t  low temperatures have  a rela- 
t ively broad distribution of geometries tha t  clus- 
t e r s  about octahedral and is composition invariant. 

ELECTRONIC SPECTRA AND COORDINATION 
GEOMETRY OF NICKEL CENTERS IN LIQUID 

MgCl ,-KC1 MlXTU RES9 

J .  Brynestad G. P. Smith 

I 

I ! .  

T h e  absorption spec t ra  of nickel cen ters  i n  
MgCl ,-KC1 mixtures of various compositions were 
measured from about 5000 to  28,000 cm- '  a t  tem- 
peratures up to  1046OC. T h e  observed behavior 
was  quali tatively similar to tha t  previously re- 
ported for nickel cen ters  in liquid LiC1-KC1 mix- 
tures  and, in a general way, f i t s  the  s a m e  model. 

ELECTRONIC SPECTRA AND COORDINATION 
GEOMETRY OF NICKEL CENTERS IN LIQUID 

MIXTURES OF ZnCI, AND CsCl 

W. E. Smith" G. P. Smith 

Research  i s  in progress on  nickel cen ters  in the  
Zn C1,-CsC1 system. At low ZnC1, concentrations 
the  behavior is similar to  tha t  in LiC1-KC1 and 
MgCl,-KCl except  tha t  certain de t a i l s  show up 
much more clearly in the  ZnCl ,-containing system. 
However, for melts containing high ZnC1, concen- 
trations a drastically new pattern of behavior is 
observed, which appears to  b e  assoc ia ted  with the  
ability of z inc  ions  to form chloride-bridged net- 
works. 

EFFECTOFMELTINGONTHE ELECTRONIC 
SPECTRA OF Cs,NiCI, AND CsNiCI, (ref. 9 )  

C. R. Boston J. Brynestad 
G. P. Smith 

A method is described for measuring the  optical  
absorption spec t ra  of the  c rys ta l l ine  and liquid 
p h a s e s  of a transition-metal salt c l o s e  t o  its melt- 
ing  point. Supercooling the  liquid permits measur- 
ing  both phases  at the  same temperature. T h i s  
technique was  applied t o  Cs3NiC1, (m.p. 547OC) 
and CsNiC1, (m.p. 758OC). When Cs,NiCl, melted, 
t he  approximately tetrahedral arrangement of chlo- 
r ides  about nickel was  affected only in minor ways; 
but when CsNiCl, melted, the  octahedral coordi- 
nation geometry in  the  c rys t a l  was  completely 
destroyed and replaced by a different distribution 
of geometries. T h e  spectrum of molten CsNiC1, 
and its temperature dependence are c lose ly  s imi -  
lar to  that o f  nickel cen ters  in molten KMgC1, at 
high temperatures. T h e  la t te r  are known t o  cons i s t  
of a s ingle  distribution of geometries rather than 
two distinctly sepa ra t e  distributions. It was  previ- 
ously supposed tha t  there are two different coordi- 
nation geometries in molten CsNiCl,. 

NICKEL-DOPED ALKALI METAL 
CHLORIDE CRYSTALS 

G. E. Shankle' G. P. Smith 

T h e  spectroscopy of nickel-doped alkali  metal 
chlorides a t  high temperatures is under investiga- 
tion. T h e s e  sys t ems  exhibit more o r  less octa- 
hedral coordination about Ni ', in which deviations 
from 0, symmetry should be  a function of the  par- 
t icular alkali  metal ion present. There  are a l so  
cation vacancies .  If t hese  defec ts  lead  to  a de- 
struction of t he  center of symmetry, t h e  g+i+ g 
se lec t ion  rule will be  violated with consequent  
e f fec ts  on the  temperature dependence of the f 
number. 

10  . . 
11 

Visitor from Scotland. 

Graduate student at  the University of Tennessee.  
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THE RATE OF OXIDATION OF NITRITE IONS 
IN DILUTE SOLUTIONS OF SODIUM NITRITE 

IN MOLTEN LITHIUM  PERCHLORATE'^ 
D. W. James13 

In dilute solutions of sodium nitri te i n  molten 
lithium perchlorate a t  245 t o  3Ol0C, nitri te i ons  
are oxidized to  nitrate i ons  while  perchlorate ions  
are reduced to chloride ions  in a pseudo-first-order 
homogeneous reaction. T h e  first-order ra te  con- 
s t an t  is 3 .51  x sec-’ a t  274OC, and the  acti- 
vation energy is 31.5 kcal/mole.  Chlorate ions  
do not build up during the  course  of t he  reaction. 
T h e  reaction is unaffected by gaseous  nitrogen or 
subs tan t ia l  additions of water, LiOH (5 mole %), 
or LiNO, (10 mole %) but is retarded by substan- 
t i a l  additions of N a N 0 3  (10 mole %) and by gase-  
o u s  oxygen. T h e  ev idence  sugges t s  t he  possibil-  
ity tha t  the  rate-determining s t e p  involves a direct  
reaction between a nitri te ion and a perchlorate ion. 

DENSITIES OF MOLTEN AlC13 
AND NaCI-AICI, MIXTURES’4 

C. R. Boston 

T h e  “float” method w a s  used  to measure liquid 
dens i t ies  of AlC1, and NaC1-AlC1, mixtures con- 
taining 52.0, 61.8, and 73.0 mole % AlC1,. All 
melts were s tud ied  over a range of temperatures 
and the da ta  fi t ted to  equations of t he  form p = 

a - P t  by a leas t - squares  ana lys i s .  Molar vol- 
umes showed negative deviations from additivity 
as large a s  22%. 

Abstract  of paper t o  b e  submitted for publication. 
Visitor from New Zealand,  now a t  University of 

I4Abstract  of J .  Chem. Eng. D a t a  1 1 ,  262-63 (1966). 

1 2  

13 . 
Queensland, Brisbane, Australia.  
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12. Superconducting Materials 

G. R. Love  M. L. Picklesimer’ 

We are  studying the e f fec ts  of metallurgical 
variables on the  properties of superconduct ing 
materials. Of concern a re  the  e f fec ts  on current- 
carrying capacity in a magnetic field of such  
things as morphology, compositions, and spac ings  
of two-phase structures;  mechanical  s t ra in ;  preferred 
orientation; aging and transformation reactions;  
and fabrication and heat-treatment procedures. For  
the  s tud ie s  to  b e  meaningful, we must have a con- 
s iderable  knowledge of the  physical metallurgy 
and phase  diagrams of the  sys tems of interest .  
F e w  sys t ems  have  been s tudied ,  and they have  
not been studied in sufficient detail .  Consequently, 
much of the  effort is devoted t o  es tab l i sh ing  a 
background of information on the  transformation 
kinetics and products, morphologies, phase  dia- 
grams, precipitation and aging reactions,  and ra tes  
of formation of intermetallic compounds. T h e  alloy 
sys tems of primary in te res t  are those  based on 
niobium and technetium. 

EQU I PMENT D EV E LO PME NT 

G. R. Love  C. C. Koch 

Magnets 

A significant portion of our effort was  related t o  
the development of independent capabili ty for 
tes t ing  superconducting properties. T h e  b a s i c  
components of the tes t ing  equipment were the  
superconducting solenoids purchased from Magnion, 
Inc. T h i s  magnet assembly c o n s i s t s  of two nes ted  
co i l s ,  an outer co i l  constructed from niobium- 
zirconium wire capable  of a maximum field of 

‘Present address: Southern Research Institute, 
Birmingham, Alabama. 

about 30 kilogauss,  and an inner co i l ,  wound from 
Nb,Sn ribbon, with maximum field of about 45  
kilogauss.  The  combined co i l s  produce a maxi- 
mum field of about 75 k i logauss  with +1% field 
inhomogeneity over a 1-in.-diam sphere.  

Test Assemblies 

A t e s t  assembly us ing  alternating-current 
magnetization was  constructed and modified. Th i s  
assembly enables  the control and measurement of 
temperature from about 2 to  77OK, the measurement 
of applied field to  75 k i logauss ,  and the  measure- 
ment of the cri t ical  temperature, critical field 
strength,  and critical current density.  It appears 
that the s a m e  device,  with modifications in the  
external circuitry, c a n  yield full magnetization 
curves. 

SUPERCONDUCTIVITY OF THE TECHNETIUM- 
VANADIUM ALLOY  SYSTEM^ 

C. C. Koch R. H. Kernohan3 
S. T. Sekula3 

The  superconduct ing properties of technetium- 
vanadium a l loys  with compositions ranging from 
0 to  100 at. % V were investigated in fields up t o  
15 kilo-oersteds by measurements of the  bulk 
magnetization determined ball ist ically.  A phase  
diagram of the system was determined by severa l  
metallurgical techniques.  T h e  sequence  of c rys ta l  
structures a t  150OOC with increasing vanadium 
content is hexagonal c lose  packed ---t body-centered 

‘Abstracted from paper submitted to Journal of 

,Solid State Division. 
Applied Phys ic s  . 
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cubic  --t C s C l  + body-centered cubic.  T h e  
technetium-rich body-centered cubic phase  when 
quickly cooled t o  room temperature exhibited 
super la t t ice  x-ray diffraction l i nes  of the  C s C l  
structure. T h e  superconducting transit ion tempera- 
ture of t h e  technetium-rich hexagonal close packed 
alloys increased  with vanadium concentration from 
7.73'K to  a maximum for the  sys tem of 11.3OK a t  
the limit of vanadium solubili ty (approximately 6.5 
at. % V). T h i s  transit ion temperature remained 
cons tan t  for t he  two-phase alloys.  T h e  transit ion 
temperature decreased  progressively with increas- 
ing vanadium content in the  C s C l  structure,  and a t  
compositions in t h e  50 t o  80 a t .  % V interval 
no ev idence  of superconductivity w a s  observed for 
temperatures as low as 1.4OK. Alloys containing 
the  hexagonal close packed phase  showed revers- 
ible behavior i n  the  tails of their  magnetization 
curves,  while those  with the  CsCl  structure ex-  
hibited a high degree of hys t e re s i s  i n  the  tails. 
Es t imates  of the  upper c r i t i ca l  field a t  OOK us ing  
the experimental da t a  and theoretical  ca lcu la t ions  
yielded va lues  of approximately 45 kilo-oersteds 
for the samples  with high transit ion temperatures. 
Resul t s  of hea t  treatment a t  ll0O'C on the  super- 
conducting parameters of a l loys  near t he  30 at. % 
V composition a re  presented. 

METALLOGRAPHY OF LANTHANUM 
AND CERIUM4 

C. C. Koch M. L. P ick les imer '  

A technique was  developed for t he  metallographic 
preparation of lanthanum and cerium. Metallography, 
the microscopic s tudy  of metall ic structure,  re- 
quires polished su r faces  for examination. T h e s e  
rare-earth meta ls  a r e  so  reac t ive  to the  atmosphere 
that sur faces  prepared by conventional techniques 
are destroyed too soon to permit adequate examina- 
tion. T h e s e  meta ls  e x i s t  a t  room and low tempera- 

'Summarized from published paper, Trans,  Met. SOC. 
AIME 229, 759-61 (1967). 

tures in  two c rys t a l  forms, with hexagonal and 
cubic symmetries,  and th i s  new method permits 
study of the  transformation. T h i s  is of spec ia l  
fundamental in te res t  in lanthanum, because  both 
s t ruc tures  exhibit  superconductivity.  T h e  sur face  
is prepared by chemical polishing with spec ia l ly  
developed so lu t ions  and then protected by anodiz- 
ing. Anodizing, not previously applied t o  rare 
ear ths ,  not only protects the  su r faces  during exam- 
ination but also d is t inguishes  the  two forms by 
oxide films of different colors.  

A METALLOGRAPHIC STUDY 
OF THE ALLOTROPIC PHASE 

TRANSFORMATIONS IN CERIUM' 

C. C. Koch C. J .  McHargue 

Some a s p e c t s  of the  phase  transformations in 
cerium were studied by metallography. T h e  
temperature dependence of t h e  percentage double 
hexagonal close packed formed by athermal trans- 
formation, as determined by x-ray diffraction, was  
confirmed by quantitative metallography. T h e  
influence of p l a s t i c  deformation on the  transforma- 
tion w a s  studied by deforming cerium specimens 
at  temperatures above and below Ms .  Metallography 
definitely ind ica tes  that  deformation promotes t h e  
face-centered cubic  --t double hexagonal close 
packed reaction. A M d  temperature w a s  deter-  
mined. A t ens i l e  component of deformation appears  
necessary  for t he  face-centered cubic  4 double 
hexagonal close packed transformation. T h i s  may 
explain the  conflicting ev idence  of the  effect  of 
deformation on t h i s  transformation. T h e  influence 
of deformation on subsequent  athermal transforma- 
tion and reversion h a s  been s tudied .  T h e  mor- 
phology of t he  transformation w a s  examined and 
la t t ice  relationships were inferred. 

5Abstracted from a paper: pp. 416-27 in Proceedings 
of the 6th Rare Earth Research Conference, May 3-5, 
1967, Gatlinburg, Tennessee,  1967. 
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13. Surface Reactions of Metals 

J.  V. Cathcart  

In recent years  emphas is  in oxidation research  
h a s  sh i f ted  away from the  old concept  of a uni- 
form oxide film interposing a simple diffusion bar- 
rier between a metal  and its environment. While 
s u c h  a description may b e  sa t i s fac tory  for a few 
relatively s imple  reactions,  a much deeper  insight 
into the  de ta i led  nature of oxidation mechanisms 
h a s  come with the  recognition tha t  factors s u c h  
as short-circuit diffusion paths in the  oxide, oxy- 
gen so lu t ion  e f fec ts ,  and  s t r e s s  generation during 
oxidation c a n  greatly influence oxidation proc- 
esses. T h e  research of th i s  group is directed 
toward the  investigation of fac tors  s u c h  as  these .  

We extended our study of structural  defec ts  i n  
oxide f i l m s  to include thin oxide films formed on 
n icke l  s ing le  c rys ta l s .  The  oxidation-rate ani-  
sotropy exhibited by nickel correlated with a cor- 
responding anisotropy of the concentration of 
structural  de fec t s  in the oxide. The  resu l t s  a r e  
cons is ten t  with our previously reported model for 
the oxidation of copper and  copper-nickel a l loys .  

W e  also continued our s tud ie s  of the  oxidation 
of the  refractory meta ls  niobium and tantalum. 
S t ress  generation by and the  distribution of d i s -  
so lved  oxygen in these  metals were s tud ied  a s  a 
function of oxygen pressure.  S t r e s ses  induced 
in the  oxide films themselves  were found to in- 
f luence the  degree of protectiveness of the  films. 
Oxygen transport through the  anodic films on 
niobium and tantalum w a s  s tudied  with s p e c i a l  
attention being given to the role of phosphorus 
impurity in increas ing  the  degree of protective- 
n e s s  of t he  fi lms. T h e  films from the  tantalum- 
niobium a l loys  provided a n  opportunity for t he  
s tudy  of a n  “oxide a l loy .”  We also init iated 
some anodization work with tungsten as a part  of 
a study of low-temperature and short-circuit dif-  
fusion in tha t  metal; th i s  work represents  a n  adap- 
tation of a very sens i t i ve  sec t ion ing  technique 

that w e  previously developed for studying dif- 
fusion in tantalum and niobium. 

NICKEL OXIDATION’ 

J .  V. Cathcar t  G. F. Pe te r sen  

Out previous s t u d i e s  of the oxidation of copper 
and copper-nickel a l loys  demonstrated the im-  
portance to the  overall  oxidation process  of short-  
circuit  diffusion pa ths  and ep i tax ia l  e f fec ts  in the  
oxide films. Variations in  the  concentration of 
short-circuit diffusion pa ths  were shown to account 
for a n  order-of-magnitude difference in the  oxida- 
tion rate of copper and to provide for the first  time 
a sa t i s fac tory  explanation of the very pronounced 
oxidation-rate anisotropy of copper. Our nickel 
oxidation research  is part of an effort t o  t e s t  t he  
generality of t h e s e  ideas .  

c rys ta l s  were oxidized a t  temperatures from 400 to  
50OOC. Under the  conditions of our experiments,  
the relat ive ra tes  of oxidation of these  three c rys-  
t a l  p lanes  dec reased  in  the  order ( l l o ) ,  ( loo),  and 
( l l l ) ,  the  oxidation ra tes  differing by a factor of 
2 or 3. T h e  th i cknesses  of oxide films examined 
ranged from about 15 to  600 A.  The  average  
s t ra in ,  the mosaic spread ,  th ickness ,  and ep i tax ia l  
relationships of the  films were studied by a n  x-ray 
method developed in our previous work with copper.  
In addition, both replication and stripped-film tech-  
niques were used  in a n  electron-microscopic study 
of the films. The  oxidation ra tes  of the  specimens 
and the  optical  properties of the films were in- 
vestigated with a n  ellipsometer. 

T h e  (loo), ( l l l ) ,  and (110) faces of nickel s ing le  

1 This  work is being carried out in collaboration with 
C. J. Sparks of the X-Ray Diffraction Group. 
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T h e  ep i tax ia l  relationships between the NiO 
films and  the  subs t r a t e  were the  same  as those  
between Cu'O and copper. In cont ras t  to the re- 
s u l t s  with copper,  however, the average s t ra in  
in the  NiG films, as indicated by average  la t t ice  
parameter measurements, was  virtually zero. The 
mosaic spread  of the  (100) and (111) films was  
half that for f i l m s  of comparable th ickness  on cop- 
per. T h e s e  resu l t s  have interesting implications 
for t he  theory of oriented overgrowths but ind ica te  
that s t r a in  e f fec ts  probably play only a minor role 
in the  oxidation of nickel.  

T h e  oxide on a l l  three of the major planes of 
nickel cons i s t ed  of mosaic blocks a t  most a few 
hundred angstroms in diameter. Thus in the  fi lms 
a condition ex i s t ed  that a s su red  that a general  
l ack  of orientation of the  films would result  in t he  
development of ex tens ive  grain-boundary a rea  
within the  films. Jus t  s u c h  a s i tua t ion  occurred 
for the  oxide on the  (110), where the  film was  ini-  
t i a l ly  partially oriented but tended t o  become poly- 
c rys ta l l ine  a s  the  film thickened. Thus  these  
films were rich in high-angle grain boundaries,  
which make very e f fec t ive  paths of e a s y  diffusion. 
The  (110) films would, therefore, be expec ted ,  a s  
observed, t o  provide comparatively l i t t l e  protection 
aga ins t  continued oxidation. 

precisely oriented but w a s  sub jec t  to ex tens ive  
twinning. Two  s e t s  of twins,  rotated 90' with 
respec t  to e a c h  other,  formed on the (loo), while 
only one s e t  occurred on the  (111). A s  a conse-  
quence, if t he  distribution of these  different ori- 
entations a r e  random, the  oxide on both these  
planes contained large numbers of incoherent twin 
boundaries. T h e s e  boundaries a r e  almost as ef- 
f ic ie nt a s  shor t  -c ircui t diffusion pa ths  a s  high- 
angle grain boundaries. The  fac t  tha t  the  (100) 
exhibited a higher ra te  of oxidation than the  (111) 
c a n  probably be  accounted  for by the presence  of 
the extra set of twins.  

A s  indicated,  the  oxidation charac te r i s t ics  of 
nickel and  copper differ significantly,  espec ia l ly  
with regard to the  ex i s t ence  of large s t ra ins  in  
the  oxide films. However, our resu l t s  with n icke l  
appear  to b e  completely cons i s t en t  with the  main 
feature of the  oxidation model we proposed for 
copper, namely, t he  importance to be  a t tached  to 
the  role of short-circuit  diffusion pa ths  in deter-  
mining the  overall  rate of oxidation. 

T h e  oxide on the  (111) and (100) was  much more 

R E F R A C T O R Y  M E T A L  O X I D A T I O N  

R. E. Pawe l  J. V. Cathcar t  

Stress Measurements During Oxidation 

We have  modified our oxidation appara tus  to  
permit measurements of the  flexure of metal  spec -  
imens during low-pressure oxidation a t  tempera- 
tures up t o  900°C. T h e  flexure measurements,  
converted to  appropriate bending s t r e s s e s ,  may 
b e  interpreted in terms of cer ta in  s t r e s s  distri-  
butions in the oxide film and in the  metal. P re -  
liminary measurements with niobium specimens 
oxidized a t  oxygen pressures  of 0.01 to  0.05 torr 
a t  800°C confirmed tha t  oxygen solution e f f ec t s  
a r e  important under those  conditions.  

Protective Properties of Oxide F i lms2  

The high-temperature oxidation charac te r i s t ics  
of tantalum specimens anodized in phosphoric 
ac id  so lu t ions  were s tud ied .  T h e  anodic  oxide 
f i l m s  containing phosphorus limited oxygen access 
to  the  metal  and postponed breakaway oxidation 
considerably more effectively than phosphorus-free 
anodic f i l m s  of t he  same th ickness .  Th ickness -  
voltage ca l ibra t ions  for anodization in 0 . 9  and 
1 4  M H,PO, e lec t ro ly tes  allowed quantitative 
measurements and comparisons of oxidation be- 
havior with tha t  previously found for both plain 
tantalum and tantalum specimens anodized in di- 
lute aqueous so lu t ions .  At temperatures between 
500 and 62SoC, oxygen permeated fi lms formed in 
the  concentrated ac id  at approximately one-fifth 
the  ra te  for the f i l m s  from dilute ac id .  T h e  d a t a  
indicated a 6% increase  in the  ac t iva t ion  energy 
for oxygen permeation for phosphorus-containing 
fi lms. L ike  the p la in  anodic fi lms, t he  f i l m s  con-  
taining phosphorus eventually l o s t  their  protective 
properties by local breakdown at  f laws  in the  
fi lms followed by la te ra l  growth of the  result ing 
fast-oxidizing regions.  

Al loy Oxide F i l m s  

Mechanical s t r ipp ing  techniques were used  to  
obtain seve ra l  a l loyed  anodic  oxide films; t h e s e  

'Summarized from a paper submitted t o  the  Journal of 
the Electrochemica 1 Society. 
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were subsequent ly  examined with the electron 
microscope, the  electron microprobe, and x-ray 
diffraction. Tantalum-phosphorus oxides  were 
prepared by the  anodization of tantalum in con- 
centrated H,PO,; s l igh t ly  higher temperatures 
were required to  c rys ta l l ize  these  films than plain 
anodic Ta,O,. While the  electron microscope re- 
vealed some differences in  morphology of the crys- 
tall ized regions,  neither selected-area electron 
diffraction nor x-ray diffraction techniques have 
ye t  revealed s igni f icant  structural  differences or 
the presence  of secondary  phases .  

Anodic films were also formed on and stripped 
from the  electropolished sur faces  of seve ra l  tan- 
talum-niobium alloy specimens.  T h e s e  films were 
amorphous as formed but crystall ized upon annea l -  
ing in the temperature range 500 to  700OC. N o  
significant partitioning occurred during anodiza- 
tion, and s u c h  alloy oxide films will  be  used  to 
s tudy  the  phase  relationships in the  Ta ,Os-Nb 205 
sys tem.  

Anodic Oxidation of Tungsten 

While anodic oxide films form on tungsten in  
many common electrolytes,  many features of anodi- 

za t ion  important t o  a microsectioning technique, 
such  as  that used  i n  our previous s tud ie s  of dif- 
fusion in tantalum and niobium, a re  c lear ly  in- 
fluenced to  a large ex ten t  by the  particular elec- 
trolyte and other experimental variables.  We 
examined the anodic  oxidation behavior of tung- 
s t e n  in a number of e lec t ro ly tes  and finally es- 
tablished a f i l m  thickness-voltage calibration 
under conditions where the  efficiency of film 
formation w a s  about 99%. A technique for me-  
chanica l  s t r ipp ing  of the  anodic f i l m s  from the  
sur face  of the  tungsten specimens h a s  not been 
found. However, chemica l  stripping by d isso lv ing  
the film in a d i lu te  b a s e  furnishes an  apparently 
sa t i s fac tory  method. T h e  dissolution rate of the  
metal in d i lu te  sodium hydroxide so lu t ions  was  
increased  significantly by the presence of oxygen. 
For  so lu t ions  made from dis t i l l ed  (but not further 
deaerated) water,  negligible tungsten w a s  d is -  
so lved  a long  with the  anodic film, and the  sepa -  
rations were quantitative.  T h e  applicabili ty of 
these  sec t ion ing  techniques t o  the  s tudy  of tracer 
diffusion in tungsten is presently be ing  tes ted  in 
cooperation with the  Diffusion in Solids Group. 



14. X-Ray Diffraction 

H. L. Yakel 

Our group functions in  a dua l  role to  serve  t h e  
need for routine x-ray diffraction ana lyses  and to  
apply diffraction methods t o  b a s i c  sc ien t i f ic  prob- 
lems. In the  former a rea ,  our work is well  within 
the  frontiers of x-ray phys ics  and structural  anal-  
y s i s ,  and its resu l t s  may have  a variable signifi-  
cance  in the  ultimate solution of t h e  given problem. 
In the  latter a rea ,  our work is a t  t h e s e  frontiers 
and its resu l t s  a re  pivotal. 

meet t h e  needs  of both roles.  Determinations of 
la t t ice  parameters,  phase  composition, c rys ta l  
orientation and perfection, phase  transit ion phe- 
nomena, and simple c rys ta l  s t ruc tures  a re  rapidly 
carried out in a routine manner. We also engage 
in fundamental s tud ie s  of c rys ta l  s t ruc tures  of 
compounds containing beryll ia,  and of diffraction 
e f fec ts  due  t o  c rys ta l l ine  imperfections caused  by 
solid-solution formation, radiation damage, and 
precipitation. 

W e  maintain a laboratory adequately equipped t o  

ROUTINE ANALYSES 

0. B. Cavin R. M. S t ee l e  
H. L. Yakel 

During the  reporting period we completed de- 
s i red  work on  over 1300 samples  submitted for 
routine x-ray diffraction ana lys i s  by groups within 
and without t he  Metals and Ceramics Division. 
Many resu l t s  are included in other s ec t ions  of 
th i s  report; w e  present  here a few that are of 
spec ia l  interest .  

Lang  x-ray topographic techniques  have  been 
applied in reflection geometry t o  study the  perfec- 
tion of UO, c rys ta l s .  F igure  14.1 is a topograph 
of a crystal  with many small-angle boundaries,  
grown by the  Crys ta l  P h y s i c s  Group, us ing  t h e  
internal centrifugal f loating zone  method. 

W e  have characterized s t ruc tures  and determined 
la t t ice  parameters of a s e r i e s  of single-phase 
solid-solution a l loys  that have  not been described 
previously. T h e  resu l t s  appear in T a b l e  14.1. In  
Tab le  14.2 we l i s t  powder diffraction d a t a  for 
lithium az ide ,  LiN,, t he  only alkali-metal az ide  
whose c rys ta l  structure i s  unknown. T h e  material 
is hygroscopic, c rys t a l l i ze s  in an ac icu lar  habit ,  
and g ives  ev idence  of twinning. A low crys ta l  
symmetry, possibly monoclinic or tr iclinic,  is 
sugges ted  by preliminary single-crystal  diffraction 
da ta .  

W e  have written and a re  currently t e s t ing  com- 
puter programs useful in spec ia l  diffraction prob- 
l e m s .  One s u c h  program UMWEG, predic t s  multi- 
ple s ca t t e r ing  e f fec ts  in single-crystal  diffraction 
experiments. A second,  FTRANS and ANTRAN, 
is a general-purpose Fourier transform ca lcu la tor  
and analyzer for diffraction d a t a  tha t  a r e  a func- 
t ion of one reciprocal la t t i ce  variable. It i s  

Fig. 14.1. A Ref lect ion Topograph Obtained by Scan- 

ning the (200) Ref lect ion from a U02 Crysta l  Grown by 

the Internal Centrifugal F loat ing Zone Method. T h e  

actual crystal  length is  14.5 m m  and i ts  height is  8.3 mm. 

The apparent height on the topograph is foreshortened by 

sett ing the f i lm a t  an oblique angle to the scattered beam 

direction. 

crystal i s  0.6O. 
The maximum subgrain misorientotion in this 
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T a b l e  14.1. Crystollographic Data  for N e w  Al loys  

. 

I 

Lat t i ce  Parameter (A) Composition Crystal  
Remarks 

System 8 0  c O  
(at. 70) 

90 Ho-10 Sc 
80  Ho-20 Sc 
60  Ho-40 Sc 
40 Ho-60 sc 
20  Ho-80 SC 
90 Er-IO Sc 

80  Er-20 Sc 
60 Er-40 Sc 
40 Er-60 Sc 

20 Er-80 Sc 
95 Er-5 Th 
90 Er-10 Th  
80  Er-20 Th  
90 Ho-10 Th 
85  Ho-15 Th  
50 Th-50 T h  
30  Tb-70 Th  
20 Tb-80 Th 

12.5 Fe- 
12.5 Ni-75 Au 

20 Fe-  
20 Ni-60 Au 

27.5 Fe- 

27.5 Ni-45 Au 
35 Fe- 

35 Ni-30 Au 
42.5 Fe- 

42.5 Ni--15 Au 

7 4 T i 0 . 2 6 0 4  

Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 

Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Cubic 
Cubic 
Cubic 
Cubic 

3.560 k 0.001 
3.542 kO.001 
3.491 fO.001 
3.434 kO.001 
3.371 kO.001 
3.541 kO.001 
3.523 fO.001 
3.473 ko .001  
3.424 ko.001 

3.572 i o . 0 0 1  
3.366 kO.001 

3.582 f0.002 
3.581 kO.002 
3.598 kO.002 
3.601 50 .003  
5.060 kO.002 
5.073 50.002 
5.079 50.002 
3.999 + O . O O l  

5.597 f 0.002 
5.566 f 0.002 
5.502 f0 .002  
5.431 kO.001 
5.364 fO.001 
5.578 k 0.002 
5.549 kO.002 
5.482 kO.002 
5.415 kO.002 
5.363 kO.002 
5.597 k 0.002 
5.610 k 0.002 
5.661 kO.002 
5.637 kO.002 
5.655 fO.003 

Cubic 

Cubic 

Cubic 

Cubic 

Cubic 

3.923 ko.001 

3.897 kO.001 

3.798 k 0.002 

3.650 kO.002 

8.40 k 0.01 

fcc 

fcc 

fcc 

fcc 

Spinel- 

type 

ahcp = hexagonal close-packed. 
bfcc = face-centered cubic close-packed. 

superior t o  currently ava i lab le  single-variable 
transform programs for diffraction d a t a  in that i t  
(1) c a n  make a l l  necessary  corrections (background, 
Lorentz-polarization, atom form factor,  and struc- 
ture factor) t o  the  data;  (2) c a n  u s e  either t he  
Rachinger ' or Keating' method of K a , a z  doublet  
separation; (3) computes integrals,  with or without 

W. A. Rachinger, J .  Sci. Instr. 25, 254 (1948). 1 

'D. T. Keating, Rev. Sci.  Instr .  30, 725 (1959). 

the  general  nth-order Lagrangian interpolation of 
da ta ,  by rectangular or parabolic approximation; 
(4) ob ta ins  all charac te r i s t ics  of the  intensity 
distribution (centroid, variance,  integral  peak 
breadth, as well  as  real  and imaginary Fourier 
coefficients referred to the  estimated and corrected 
centroids and to the intensity maximum); (5) c a n  
perform Stokes  corrections to  eliminate instru- 
mental e f fec ts ;  and (6) c a n  use  Calcomp plott ing 
routines t o  plot various intensity and transform 
coefficient functions. 
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Table 14.2. Powder Diffraction Data for Lithium Azide, LiN3, Cu K a  Radiation (Ni-Filter); 
Cu K a =  1.54178 A 

Intensity Spacinga 

S -  
S+ 

S 
S+ 
M- 
W- 
W- 
M- 
M 
W- 
M- 
W+ 
M+ 
S -  
W+ 
W 
M 

4.745 
2.826 
2.714 
2.618 
2.368 
2.281 
2.196 
2.118 
2.085 
2.029 
1.975 
1.692 
1.658 
1.629 
1.588 
1.568 
1.509 

Intensity Spacinga 

M+ 
M 
W 
M- 
W 
W+ 
M- 
W 
W- 
W 
W+ 
W- 
W- 
M- 
W 
W- 
15 more reflections to 

d = 0.78 A 

1.414 
1.356 
1.307 
1.296 
1.232 
1.212 
1.187 
1.161 
1.146 
1.084 
1.071 
1.063 
1.054 
1.051 
1.041 
1.038 

aBragg spac ings  measured with a precision of 0.10% in low-angle region and 0.03% in high-angle region. Qualita- 
tive intensity scale:  S+ > S > S -  > M+ > M > M- > W+ > W > W-. 

CRYSTAL STRUCTURES OF MIXED OXIDE 
COMPOUNDS CONTAINING B e 0  

L. A. Harris H. L. Yakel 

Crys ta l  structures of only a few mixed oxide 
compounds in sys t ems  containing beryllia have  
been described. Conditions affecting the  thermo- 
dynamic stabil i ty of t h e s e  phases  a re  not com- 
pletely understood. In a n  effort t o  illuminate th i s  
technologically interesting a rea  of structural  
inorganic chemistry, we have carried out experi- 
ments i n  which known compounds of unknown 
structure in oxide sys t ems  based  on Be0 have 
been prepared, c rys ta l l ized ,  and analyzed by x-ray 
diffraction procedures. We have  a l so  studied Be0 
sys t ems  in which the  ex i s t ence  of s t ab le  com- 
pounds is uncertain. Some recent resu l t s  a r e  
given below. 

Lanthanum Beryll ium Oxide3  

T h e  crys ta l  structure of La,Be,O, h a s  been 
derived and refined from Mo K a  x-ray diffraction 

'Abstract of a paper submitted fur publication in Acta 
Crysta I lographica . 

data.  T h e  C-centered monoclinic cell with a ,  = 

7.536 A, bo = 7.348 A, c ,  = 7.439 A, and /3 = 91' 
33' conta ins  four formula weights.  T h e  atomic 
arrangement in th i s  equilibrium phase  c o n s i s t s  of 
a three-dimensional framework of corner-sharing 
beryllium-oxygen tetrahedra with lanthanum atoms 
irregularly coordinated t o  t e n  oxygen atoms. T h e  
structure is compared with those  of other ox ide  
compounds containing beryllium and, i n  particular, 
with the  s t ruc tures  of the  recently reported non- 
equilibrium phases  Ca , ,Be , ,0 ,9  (ref. 4) and 
Y,BeO, (ref. 5), in  which trigonal beryllium- 
oxygen coordinations had been found. 

Strontium Beryll ium Oxide  

Efforts t o  prepare t h e  reported6 equilibrium 1: 1 
and 3:2 p h a s e s  in the  BeO-SrO sys t em resulted in 

,L. A. Harris and H. L. Yakel, Acta Cryst. 20, 295 
(1966). 

'L. A. Harris and H. L. Yakel, Acta Cryst. 22, 354 
(1967). 

6E. M. Levin,  C. R. Robbins, and H. F. McMurdie, 
P h a s e  Diagrams for Ceramists, The  American Ceramic 
Society, Inc., Columbus, Ohio, 1964. 

. 

. 
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formation of c rys t a l s  of the  complex disordered 
phase  previously descr ibed7  as 3Be0.2Sr0. 

W e  have grown c rys t a l s  of the  4BeO-SrO equilib- 
rium phase6  and have observed x-ray diffraction 
da ta  in good agreement with powder d a t a  reported' 
for a phase  ca l led  Sr ,Be90,  formed by hea t ing  
coprecipitated hydroxides. T h e  phase  c rys ta l l izes  
in the  hexagonal sys tem,  L a u e  group 6/mmm, with 
unit cell parameters a. = 4.5961 +_ 0.0000, A, 
co = 8.9300 5 0.0001 A. Reflections hhl with 1 
odd a re  systematically absent ,  indicating a c-glide 
in  the  ac plane. Reflections hkl a re  absent  if 
h - k = 3n  and I i s  odd; th i s  is a non-space-group 
extinction caused  by spec ia l  atom pos i t ions  in  t h e  
unit ce l l .  Crys ta l s  show a pyroelectric effect  
normal to  the  c-axis. T h e  most probable s p a c e  
group is therefore P 6 2 c .  T h e  unit cell parameters 
a r e  related t o  those  of B e 0  in  tha t  a. = \EaBeO 

A s e t  of Cu K a a n d  -6 reflec- and co = 2cBe0 .  
t ion intensity da t a  h a s  been co l lec ted  and a 
structure ana lys i s  begun. 

'v 

'v 

Sodium Beryl l ium Oxide 

Mixtures of 60 mole % BeO, 40 mole % Na,O (in- 
troduced as  Na,CO,) were heated on a platinum 
s t r ip  in a i r  t o  about 1300OC. A molten phase  
separa ted  from the  mixture. On quenching, t h i s  
liquid solidified to  an optically isotropic c l ea r  
material that  produced no sharp c rys ta l l ine  x-ray 
diffraction pattern. Qualitative e lec t ron  micro- 
probe and spectrographic ana lyses  of a p i ece  of 
t he  g l a s s l ike  material showed only sodium and 
beryllium as major  metall ic consti tuents.  T h e  
phase  is a t tacked  by atmospheric moisture a t  room 
temperature after 24 t o  48  hr. 

Other Systems 

W e  are  attempting to  prepare mixed oxide com- 
pounds in  the sys tems BeO-BaO, BeO-Nd203,  and 
BeO-Ho,O,. Crys ta l s  of additional phases  in t h e  
BeO-Y,O, and BeO-La,O, sys t ems  will  a l s o  b e  
studied in an effort to determine fac tors  governing 
t h e  formation of s t ab le  and metastable compounds. 

7L. A. Harris and H. L. Yakel, Acta Cryst. 15, 615- 

'R. A. Mercer and R. P. Miller, J .  Inorg. Nucl. Chem. 

16 (1962). 

28, 61 (1966). 

W e  have  been able to  grow small  imperfect crys- 
t a l s  of the  3BeO.BaO compound reported by 
Isupova and Keler.g Preliminary diffraction re- 
s u l t s  sugges t  a monoclinic unit cell and are  in  
agreement with the powder d a t a  published by t h e  
Russ i an  workers. 

X-RAY DIFFRACTION FROM 
NE UTRON-I R RADIATED C ERAMlC 

SINGLE CRYSTALS 

H. L. Yakel G. W. Clark" 

We conducted an  irradiation experiment in which 
a variety of c rys t a l s  of a ceramic nature were ex- 
posed to  neutron irradiation in the  Engineering 
T e s t  Reactor." Dose l eve l s  of 4 x l o z o ,  8 x l o z o ,  
and 10  x 10'' neutrons/cm2 (=1 MeV) were achieved, 
as  measured by flux monitors. T h e  irradiation 
temperature was  140 k 20°C. Crys t a l s  included 
in th i s  experiment were BeO, A1,0,, MgO, "spinel" 
(MgAl,O,), SiO,, Si, Ge, S i c ,  and beryl (Be,A12 
S i 6 0 ,  '). Resu l t s  of x-ray diffraction experiments 
with t h e  irradiated B e 0  crys ta l s  have been re- 
ported. '' 

In t h e  period of th i s  report, we completed pre- 
liminary s tud ie s  of the  irradiated "spinel" crys- 
t a l s .  Determination of t he  la t t ice  parameter of an 
unirradiated control c rys t a l  demonstrated that t h e  
composition i s  approximately MgO.3AI 0, rather 
than the  ideal 1:l sp ine l  composition.13 There  
is no ev idence  of ordering of the  l a t t i ce  de fec t s  
(probably anion and cation vacancies )  that a r e  
required by t h e  1:3 stoichiometry. 

yellow than the  unirradiated controls. Rotation 
and Weissenberg diffraction patterns obtained 
from them showed reflections very l i t t l e  broader 
than those  on similar patterns of unirradiated 
c rys ta l s .  Fractional la t t ice  parameter variation 
as a function of neutron dose  is shown in F ig .  

> 

T h e  irradiated c rys ta l s  were only sl ightly more 

'E. N. Isupova and E. K. Keler, Zh. Neorgan. Khirn. 
9, 394-402 (1964); Russ .  J. Inorg. Chem. (English 
Transl.) 9,  217-21 (1964). 

"Crystal Phys ic s  Group. 
"The experiment was  possible through the  coopera- 

tion of G. W. Keilholtz and R. E. Moore of the  Reactor 
Chemistry Division, who permitted u s  to  p lace  c rys ta l s  
in their experiments at  the ETR. 

"H. L. Yakel, Metals and Ceramics Div. Ann. Progr. 
Rept. June 30,  1964, ORNL-3670, pp. 57-60. 

13F. Rinne, Neues Jahrb. Mineral. Geol. Palaeontol.  
A 58, 43 (1928). 
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Fig.  14.2. Fract ional  Variat ions of L a t t i c e  Parameter 

with Neutron Dose for A1203 and the Defec t  Spinel 

Mg 0- 3A l 2  Os.  

14.2. For comparison, the  figure a l s o  d isp lays  
the  parameter changes  reportedI4 for A1,0, i r -  
radiated at  75 to  100OC. No departures from cubic  
symmetry, superce l l  reflections,  or appearance of 
reflections forbidden by t h e  Fd3m s p a c e  group 
were observed in t h e  da t a  from the  irradiated de- 
fect  spinel.  

F r o m  t h e  resu l t s ,  we conclude that a t  d o s e s  be- 
low l x l o z 1  neutrons/cm2 the  fractional la t t ice  
expansion of t h e  defect sp ine l  is one-third t o  one- 
half t hose  of pure alumina. T h e  reduced expan- 
s ion  should b e  correlated with the  la t t ice  vacanc ie s  
in  the  as-grown crys ta l ,  which ac t  as traps a t  
which radiation-produced defec ts  may b e  annihilated. 

SMALL-ANGLE X-RAY SCATTERING 

R. W. Hendricks 

Experiment 

Small-angle x-ray sca t t e r ing  measurements were 
made on irradiated perfect s ing le  c rys t a l s  of cop- 
per. Although the  intensity de tec ted  w a s  very 
weak, we could observe some dependence of t h e  

14  B. S. Hickman and D. G. Walker, J. Nucl. Mater. 
18, 197 (1966). 
A 1 2 0 3  is also reported a t  d o s e s  less than 1 X lo2'  
neutrons/cm by these  authors. 

Significant reflection broadening for 

2 

intensity on sample orientation. We bel ieve  tha t  
t he  sca t te r ing  centers  a re  intersti t ial  d i s k s  with 
diameters i n  the range of a few hundred angstroms. 
Research i s  continuing on thinner s amples  (to 
inc rease  the  sca t te red  intensity),  us ing  absolu te  
intensity techniques  in  an  effort t o  determine the  
shape ,  orientation, and concentration of t h e  sca t -  
tering centers.  

Accurate measurement of the absolu te  intensity 
of sca t t e red  x-irradiation in t h e  small-angle region 
h a s  been a difficult problem. W e  found that,  a t  
l e a s t  for our more in tense  beams, measurement of 
the  sca t te r ing  from gaseous  octafluorocyclobutane 
(C4Fs )  provides a n  exce l len t  measure of the 
absolu te  intensity.  

Theory 

A sequence  of computer programs is be ing  
written t o  process  automatically co l lec ted  small- 
angle  sca t te r ing  data. T h i s  s equence  c o n s i s t s  
of PROGRAM EDIT, PROGRAM SAXS, PROGRAM 
WEIGHT, and PROGRAM COLCOR. PROGRAM 
EDIT is designed to  examine the  punched paper 
t a p e s  generated during da ta  co l lec t ion  for format 
errors,  erroneous da ta ,  e tc .  and provides for 
manual introduction of corrections and/or de le t ions  
t o  the  magnetic tape.  PROGRAM SAXS converts 
the  output of a Humphrey Elec t ronics  Company 
model 901-OR s tepscanner  (number of counts  ob- 
se rved  in  a fixed time a t  a given angular location) 
into intensity-angle data.  Background sca t te r ing  
is subt rac ted ,  and if balanced f i l t e rs  have  been 
used ,  proper pairwise subtraction of the  da t a  from 
e a c h  filter is performed. PROGRAM WEIGHT 
computes the  weighting functions necessa ry  for 
performing collimation corrections with t h e  geo- 
metrical parameters that  define t h e  incident x-ray 
beam. PROGRAM COLCOR will perform t h e  s l i t -  
width and slit-length coll imation corrections on 
the  raw da ta .  

T h e  calculation of t h e  weighting func t ions  for 
small-angle sca t te r ing  da ta  h a s  been extended to 
include the  e f f ec t s  of f in i te  sample th i ckness  and 
sample misalignment. Preliminary r e su l t s  indi- 
cate tha t  slits between the sample  and the  de tec tor  
s l i t  introduce angular dependence in to  the  weight- 
ing function and the  l imits of integration i n  t h e  
collimator correction integral  equation, t h u s  mak- 
ing the usua l  methods of performing coll imation 
corrections invalid. 



59 

1 -  

. 

I 

i 

X-RAY DIFFRACTION MEASUREMENTS 
OF FILM THICKNESS 

C.  J. Sparks 

W e  have  developed a new technique for t h e  
measurement of th ickness  of unattached fi lms 
based  on the  ratio of t he  integrated x-ray intensity 
from the  same Bragg peak in reflection t o  that in 
transmission. T h i s  technique is usefu l  for single- 
c rys ta l  f i lms  with the  mosaic spread  limited t o  
about l oo  or for randomly oriented c rys ta l l i t es .  

is given by 
For  t h e  geometry shown in Fig.  14.3,  t h e  ratio 

J r e f l e c t i o n  p(a)dcr. 

P(a)da =I t r a n s m i s s i o n  

(2p)- '[l - exp(-2pT/sin 0)1 
- - 

(T/cos  0) exp(-pT/cos 0) 

COS fll - exp(-2pT/sin 011 (1) - - 
2 p T  exp(-pT/cos 6 )  ' 

where p i s  t he  l inear absorption coefficient,  0 the  
Bragg angle,  and T t he  th ickness  of t h e  film. To 
determine R for single-crystal  f i lms, one  need only 
to rock t h e  film about an  ax i s  lying in  t h e  sur face  
to  ga ther  t h e  to t a l  integrated intensity from t h e  
reflection, as shown in Fig. 14.3a. Then  t h e  same 
measurement i s  made in  transmission with t h e  
geometry shown in Fig.  14.3b. Having determined 
pT ,  one may ca lcu la te  T using the  known absorp- 
t ion coefficient for the particular radiation used. 

Since the  diffracted intensity is proportional to 
the  volume of f i l m  irradiated by the  beam, the  

ORNL-DWG 67-10289 

( U )  ( b )  

Fig .  14.3. Scattering Geometries for the Est imation of 

Sample Thickness by X-Ray Dif fract ion Methods. 

f I e c t i on, (b )  tra n s m i s s i on. 

(a )  Re- 

th ickness  determined in th i s  way is the  same as  
that for a film of uniform th i ckness  occupying t h e  
s a m e  volume. One may e s t ab l i sh  t h i s  if t he  film 
i s  of nonuniform th ickness  by comparing the  thick- 
n e s s  determined by diffraction to  tha t  measured by 
the  attenuation of the  incident x-ray beam by ab- 
sorption. 

T h e  accuracy of th i s  method for measuring film 
th ickness  depends upon t h e  value of pT. For a 
value of pT of 0.05 and R measured to a precision 
of 1%, the  th ickness  i s  known t o  a precision of 
*lo%. For  a film of gold using Cu K a  radiation, 
p T  = 0.05 corresponds t o  a th i ckness  of about 
1200 A. As  the  th i ckness  inc reases ,  the  ac- 
curacy improves s o  that a n  error of about 2% would 
be  expected for a 5000-A gold film. 

X-RAY MONOCHROMATORS 

C. J. Sparks 

We previously reported that graphite with highly 
oriented b a s a l  p lanes  is an  outs tanding  diffractor 
of x rays  useful for diffraction experiments. '' 
Curved monochromators offer a n  advantage over 
f la t  p l a t e s  i n  that the  divergent radiation from the  
source  c a n  be  focused for more useful intensity. 
Init ial  resu l t s  from singly curved p i eces  of 
pyrolytic graphite supplied by t h e  Carbon Products 
Division of Union Carbide Corporation confirm the  
optimism of the  earlier results.  T h e  intensity 
distribution in t h e  diffracted beam is more uni- 
form than for similar LiF monochromators. Also ,  
t he  expected fivefold increase  in diffracted in- 
tensity over LiF is achieved. Further evaluation 
of graphite for different diffraction geometries 
will  b e  made. 

THE DARWIN DYNAMICAL THEORY OF 
X-RAY DIF FRACTION 

Bernard Borie 

T h e  cent ra l  problem of x-ray crystallography h a s  
traditionally been, given a spec i f ic  array of cen te r s  
of sca t te r ing  fac tor  f, t o  combine t h e  amplitudes 
and p h a s e s  of the  resultant sca t te red  waves  t o  

" C .  J. Sparks, Metals and Ceramics D i v .  Ann. Progr. 
(A  patent Rept. June 30,  1966,  ORNL-3970, pp. 57-58. 

application h a s  been filed on this  development.) 
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recover t h e  diffraction pattern assoc ia ted  with the  
array. Neither quantum mechanics nor electro- 
magnetic theory i s  normally invoked. The  crystal-  
lographer simply t akes  f t o  b e  the  ratio of t h e  
wave sca t te red  by an atom t o  tha t  sca t te red  by a 
c l a s s i c a l  electron and l eaves  i t s  computation to  
the  theoretical  physicist .  All of t h e  electro- 
magnetic and quantum theory of the  problem i s  
contained in the calculation of f. 

T h e  Ewald’6-von Laue’  ’ dynamical diffraction 
theory is a departure from th is  custom. Here, t o  
obtain the  to ta l  wave field ins ide  a perfect c rys ta l  
one s o l v e s  Maxwell’s equations in a medium with 
a periodic time-dependent complex dielectric con- 
s tan t .  T h e  treatment is elegant but rather in- 
volved. 

W e  show that that  i s  not necessary ,  that  a l l  of 
the  fea tures  of dynamical diffraction including the  
anomalous a s p e c t s  of the  Borrmann effect  a r e  
recoverable with the  usua l  too ls  of x-ray crystal-  
lography. No electromagnetic theory i s  used. The  
result  i s  achieved by simply so lv ing  in  L a u e  
geometry the  difference equations first  solved by 
DarwinI8 in Bragg geometry. 

A preliminary to  writing the Darwin difference 
equations i s  t o  ca lcu la te  t h e  wave sca t te red  by a 
s ingle  p lane  of sca t te r ing  material. A family of 
such  p lanes  i s  then assembled t o  form a crys ta l ,  
and the  combination of the  amplitudes and phases  
of t h e  sca t te red  waves i s  expressed  by the  dif- 
ference equations.  

T h e  result  of such  a calculation g ives  

and 

nA% e’f(8, + 02) 
i g = i -  ( 3 )  

cos 8, mc2 

In Eq. (3) 
unity if t h e  e lec t r ic  vector of t h e  incident wave is 
parallel  to t h e  y-axis or cos(8, + O z )  if t he  e l ec t r i c  
vector is in the  xz plane. T h e  atomic sca t te r ing  
factor a t  sca t te r ing  angle  8 ,  + 8, i s  f(dl + 0,). 

i s  a polarization factor, which is 
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Fig. 14.4. Combination of Fresnel  Di f f ract ing Planes 

to Form a Crystal .  

Equation (2) w a s  derived by Darwin by means of a 
F resne l  zone  construction. T o  obtain Eq. (3), a 
pseudo-Fresnel zone  construction’ was  used. 
T o  obtain t h e s e  equations one a s s u m e s  a p lane  
wave of x radiation of wavelength h incident onto 
a p lane  containing n atoms per unit area.  T h e  
direction of incidence makes an  angle  8,  with the  
normal to  the  atomic plane. T h e n  i g o  is t h e  ratio 
of t h e  complex amplitude of t h e  wave sca t te red  
in the  direction of incidence jus t  after t h e  p lane  
to  that of the  incident wave jus t  before the  plane. 
T h e  atomic sca t te r ing  factor a t  zero  sca t t e r ing  
angle  is f(O), and e, m, and c a re  fundamental 
cons tan ts  with the i r  usua l  meanings. 

A similar quantity for a wave sca t te red  in  a di- 
rection defined by 8, is ig, as  i l lus t ra ted  in Fig. 
14.4. Here both t h e  sca t te red  and incident waves  
a re  taken  to  have their  directions of propagation 
in t h e  xz plane. T h e  atoms i n  e a c h  plane must 
be arranged in  rows parallel  t o  t he  y-ax is  spaced  
a, apart. Then 8, i s  related to  8,,  a , ,  and h by 

a , ( s i n  8, + s i n  O Z )  = hh , (4) 

where h i s  a n  integer. 

r ,  . . . and are  a2 apart;  Tr  i s  t he  complex ampli- 
tude of t he  wave in  t h e  8, direction j u s t  before 
the  rth plane; Sr is that i n  the  8, direction ju s t  
after t h e  rth plane. Difference equat ions  relating 

T h e  p l anes  of Fig. 14.4 a re  numbered 0, 1 ,  2 . . 

I6P. P. Ewald, Ann. Phys ik  49(1), 117 (1916). . ^  
B. Borie, “The Darwin Dynamical Theory of X-Ray 1 Y  

I’M. von Laue,  Ergeb. Exakt .  Naturw.  10, 133 (1931). 

“C. G. Darwin, Phil .  Mag. 27(315), 675 (1914). 
Diffraction,” accepted for publication i n  Acta  Crys ta l -  
Zographica. 
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t h e s e  quant i t ies  may b e  written: small ,  and there is no diffracted beam. T h e  coef- 
f icient of p‘, i n  Eq. (7) is also negligible, while 
that  of p: is es sen t i a l ly  unity. Hence the  trans- 
mitted beam is given by Tr  = P i .  In t h e  limit 
under d iscuss ion ,  from Eq. (9) and 

where s i n c e  g o  is very small. 
Thus ,  the  phase  retardation experienced by T r  

as r is advanced to r + 1 is not +,, as we would 
expec t  in f r ee  space ,  bu t  4, - g o .  We may think 
of t h i s  as a small advance in phase  g o  of t h e  wave 
front each  time i t  p a s s e s  through a p lane  of s ca t -  
tering material. T h i s  c a u s e s  t h e  e f fec t ive  wave 
front, and hence  the  wave propagation vector,  t o  
be  rotated through a smal l  angle, giving r i s e  to  
the  normal refractive index of t he  medium. 

If g o  inc ludes  a smal l  pos i t ive  imaginary com- 
ponent, i t  is c l ea r  from Eq. (10) that upon trans- 
mission through a plane,  t he  wave exper iences  
not only a phase  advance but is s l igh t ly  attenuated 
as well. T h i s  attenuation is a consequence of 
t he  anomalous d ispers ion  correction t o  f and 
g ives  r i s e  to  the  usua l  l inear absorption coef- 
ficient. 

when A+ = 0. In that c a s e ,  they reduce to  
Now consider t h e  behavior of Eqs .  (7) and (8) 

. 
and 

I 

i .  

Equations (5) and (6) may be  combined to  obtain 
a s ing le  equation in T only. T h i s  difference 
equation may b e  so lved  subjec t  to t h e  boundary 
conditions that T o  = 1 and S - ,  = 0. T h i s  solu- 
tion may b e  substi tuted into Eq. (6) to  obtain a 
similar solution for S. T h e  de ta i l s  of t h e  deriva- 
tion a re  given in t h e  reference of Bor i e . lg  T h e  
result  i s  

(1 + i g o )  s i n  A+ 
[ g 2  + (I + ig0) ’  s i n 2  &I1/ ’  

171 
(1 + i g o )  s i n  A+ 

[ g 2  + ( 1  + ig0)’ s i n 2  A41”2 2 

and 
and 

- i 4 J o  1 1 
S e  r- 1 

where 

T h e  condition for diffraction is sa t i s f ied ,  and a 
wave in t h e  S direction is “turned on.” Note 
from Eqs. (ll), (12), and (13) that both t h e  T and S 
waves a re  e a c h  composed of two components with 
different refractive ind ices  and absorption coef- 
ficients.  In fac t ,  if t he  s t a t e s  of polarization a re  
taken  into account,  each  wave i s  made up of four 
components, s ince  Eq. ( 3 )  for g inc ludes  a polariza- 
tion factor. Thus ,  for unpolarized incident radia- 
t ion,  t h e  net wave field inside the  c rys t a l  is the  

In Eqs .  (7) and (8) p,  corresponds to cho ice  of 
t he  posit ive sign in Eq. (9) and p, t he  negative. 

We consider t h e  behavior of Eqs .  (7) and (8) 
in the  limit t ha t  s i n 2  A+ >> g 2 .  In tha t  case t h e  
coef f ic ien ts  of /3: and p‘, i n  Eq. (8) a re  very 
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sum of eight waves,  each  characterized by i t s  
own propagation direction, s t a t e  of polarization, 
absorption coefficient, and refractive index. 

If the  imaginary part of f is independent of s in  
d/h for t ha t  s t a t e  of polarization for which % = 1, 
it is c lear  from Eqs.  (2) and (3) that  t h e  imaginary 
par t s  of g o  and g are equal. In tha t  c a s e ,  from 

Eq. (13), for t hose  waves  described by p, t h e  
l inear absorption coefficient vanishes .  T h e  result  
is anomalous transmission, or t he  Borrmann effect .  

A deta i led  cons idera t ion lg  of Eqs .  (7) and (8) 
for A+ smal l  but not zero  y ie lds  all of t h e  properties 
of t h e  wave point and the  d ispers ion  sur face  
originally given by the  Ewald-von L a u e  treatment. 

c 
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15. Physical and Mechanical Metallurgy 
of Hi g h -Te m pe ra tu re Mate ria Is 

W. 0. Harms 

Research in  th i s  program is directed toward the  
solution of materials problems assoc ia ted  with 
high-temperature high-performance reactors for 
advanced propulsive and power applications,  es- 
pecially s p a c e  devices .  Par t icu lar  emphasis  is 
placed on problems involving tantalum-, niobium-, 
and molybdenum-base alloys.  Tungsten and tung- 
s ten-base  a l loys  a re  investigated in t h e  Tungsten 
Metallurgy program, which i s  covered in Chap. 16 
of t h i s  document. The  principal efforts on refrac- 
tory materials in t h i s  activity include fabrication 
and procurement; development and evaluation of  
joining procedures; phys ica l  metallurgy s tud ie s  
concerning recrystall ization, grain growth, inter- 

s t i t i a l  contamination, aging response,  and strength- 
ening mechanisms; long-time creep-rupture behav- 
ior, including the e f f ec t s  of irradiation; effects of 
dynamic loading a t  e leva ted  temperatures; appli- 
cation of advanced nondestructive tes t ing  tech- 
niques; and measurement of important thermophysi- 
c a l  properties. 

made to commercial refractory a l loys  by their 
trade designations.  T h e  nominal compositions of 
t hese  alloys are l i s ted  in Tab le  15.1. 

In the  tex t  tha t  follows, frequent reference is 

MECHANICAL PROPERTIES OF REFRACTORY 
ALLOYS 

J. R. W e i r  
T a b l e  15.1. Nominal Compositions of Refractory A l loys  

Alloying Elements 
(wt %) Designa tion Base  

B-66 Niobium 5 Mo,  5 V, 1 Z r  
C-129 Y Niobium 1 0  Hf, 1 0  W ,  0.1 Y 
Cb-752 Niobium 1 0  W ,  2 .5  Zr  
Cb-753 Niobium 5 V,  1.25 Zr 
D-43 Niobium 1 0  W, 1 Zr, 0.1 C 
FS-85 Niobium 27 Ta, 10 W, 1 Zr  
SU 16  Niobium 11 W, 3 Mo, 2 Hf, 0.08 C 

TZM Molybdenum 0.5 Ti ,  0.08 Zr, 0.02 C 
Cb-TZM Mo!ybdenum 0.5 Ti,  0.08 Zr, 0.02 C, 

1.5 Nb 
T Z C  Molybdenum 1.2 Ti ,  0.25 Zr, 0.15 C 

T-1 11 Tantalum 8 W, 2 Hf 
T-222 Tantalum 9.6 W ,  2 .4  Hf, 0.01 C 

In th i s  phase  of the  program, those  properties 
of grea tes t  importance for long-time serv ice  are 
emphasized,  namely, creep, s t r e s s  to rupture, and 
fatigue a t  e leva ted  temperatures. T h e  objec t ives  
are (1) to compare the  creep and rupture s t rengths  
of promising commercial a l loys  and obtain useful 
design da ta  extending to a t  l e a s t  1000 hr, (2) to  
determine the  e f fec ts  of mechanical and thermal 
treatment and irradiation on the  creep-rupture prop- 
e r t i e s  of advanced a l loys  and es tab l i sh  the  opti- 
mum metallurgical condition on the  b a s i s  of long- 
time t e s t s ,  and (3) to perform those  spec ia l ized  
t e s t s ,  a s ,  for example, under dynamic loading, 
necessary  to qualify a material for a particular 
engineering application. 

in 1000 hr as a function of temperature for all of 
the  a l loys  investigated on th i s  program over a 

Figure 15.1 shows the s t r e s s  to produce rupture 
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Fig. 15.1. Stress to Produce Rupture in 1000 hr v s  Temperature for Selected Refractory Meta ls  and Al loys.  

period of severa l  years .  Data  obtained during 
the  present report period a r e  represented by heavy 
l ines  in the  figure. Although only s ing le  hea t s  
a re  represented, major t r ends  a r e  apparent among 
the  four alloy b a s e s  s tud ied  - niobium, tantalum, 
molybdenum, and tungsten.  

While the niobium a l loys  a re  generally quite 
fabricable, they a re  s e e n  to  b e  t h e  weakest  of t he  
four s e t s  of a l loys  investigated.  Although t h e  
strength of early molybdenum a l loys  such  as Mo- 
0.5% T i  drops sharp ly  with increas ing  temperature, 
more complex a l loys  s u c h  as  TZM and Cb-TZM 
are  quite s t rong  a t  moderate temperatures. T h e  
tantalum-base a l loys  combine good fabricability 
with useful strength over  a broad range of temper- 
atures.  Data for tungsten and  tungsten a l loys  a r e  
included in th i s  plot  for reference purposes and 
a re  d i scussed  in more de ta i l  i n  Chap. 16. 

I t  should b e  noted tha t  t h e  order of merit indi- 
ca t ed  in  F ig .  15.1 might b e  expec ted  to  change 
due  to  heat-to-heat variations in  composition and 
microstructure. Also,  t he  order would be  differ- 
en t  if merit were based  on a different design cri- 
terion, such  as  s t r e s s  to produce 1% creep  in  
1000 hr or density-compensated rupture or  c reep  
strength. 

E f f e c t  of Fabricat ion Var iables  on Creep-Rupture 
Propert ies of Molybdenum A l l o y s  

R. L. Stephenson 

W e  a r e  continuing our s t u d i e s  on t h e  e f fec t  of 
fabrication var iab les  on the  creep-rupture prop- 
e r t i e s  of molybdenum alloys.  ' Alloy TZM w a s  

1 R. L. Stephenson, Metals and Ceramics Div. Ann. 
Progr. Rept. June 30, 1966, ORNL-3970, pp. 72-75. 

. 
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s tudied  in  four conditions.  Stress-relieved TZM 
and recrystall ized TZM, representative of current 
manufacturing practice,  were inves t iga ted  to pro- 
vide reference data.  Material for a third group of 
specimens was  recrystall ized a t  154OOC and warm 
worked a t  1O4O0C, and material for a fourth group 
of specimens was  solution annealed a t  2095OC, 
reextruded, and then warm worked a t  1315OC. T h e  
s t r e s s e s  to produce rupture in  1000 hr a re  plotted 
as a function of temperature for TZM in  each  of 
t h e s e  conditions in F ig .  15.1. It can  b e  s e e n  that 
t he  solution-annealed, reextruded, and warm-worked 
material (condition 4) i s  t h e  s t ronges t  a t  t he  lower 
temperatures, while t he  recrystall ized and warm- 
worked material (condition 3 )  is s t ronges t  a t  t he  
higher temperatures. 

T h e  1000-hr rupture s t r e s s  of niobium-modified 
TZM (Cb-TZM) in two conditions is a l s o  shown in 
F ig .  15.1. One lot  of material, designated Cb- 
TZM(5), was  solution annealed a t  2095OC, ex- 
truded a t  1430°C, and warm worked a t  1315OC. 
Another lot ,  designated Cb-TZM(6), w a s  solution 
annealed a t  193OOC and warm worked a t  137OOC. 
T h i s  la t te r  alloy is the  s t ronges t  of a l l  t h e  a l loys  
t e s t ed  i n  the  temperature range 980 to  1315OC. On 
a density-compensated b a s i s  t h i s  alloy would com- 
pare even more favorably with tantalum- and tung- 
s ten-base  alloys.  

Creep-Rupture Properties of SU 16 

R. L. Stephenson 

T h e  SU 16 alloy h a s  been inves t iga ted  in  two 
conditions.  One lot of material  was  annealed 1 hr 
a t  1205OC, and the  other was  annealed 1 hr a t  
16OO0C, then aged 3 hr a t  1200OC. T h e  t e s t  re- 
s u l t s  for t h e s e  materials a r e  compared with other 
materials in  F ig .  15.1. T h i s  particular hea t  of 
material in t he  annealed-and-aged condition is the  
s t ronges t  niobium-base alloy w e  have  tes ted .  

Creep-Rupture Properties of T -222  

H. E. McCoy 

T h e  creep-rupture properties over t h e  temperature 
range of 980 to  165OOC a re  presented  i n  Fig.  15.1 
for a s ingle  hea t  of T-222. At t e s t  temperatures 
up to  1205OC the  fractures were predominantly 
transgranular. At 143OOC t h e  material rectystal-  
l i zed  during tes t ing  and fa i led  intergranularly . At 

165OOC the  specimens were typified by ex tens ive  
grain growth, intergranular void formation, and 
intergranular failure. T ransve r se  weld specimens 
were prepared and t e s t ed  over  t h e  same tempera- 
ture range as the  b a s e  metal. T h e  welded spec i -  
mens were sl ightly stronger than the  b a s e  metal, 
an effect  that  we attributed to  t h e  different ori- 
entation of the  t e s t  specimens.  With only one  ex- 
ception, the  t ransverse  weld specimens failed in  
the  b a s e  metal with only s l igh t  deformation of t h e  
weld. 

Time-Temperature Parameters for Creep-Rupture 
of Refractory AI  loys 

R. W. Swindeman 

There  is a great incentive for developing reli- 
ab l e  time-temperature parameters to descr ibe  t h e  
c reep  and rupture charac te r i s t ics  of refractory 
alloys.  F i r s t ,  t h e  limitations on equipment make 
i t  impractical  to extend tes t ing  much beyond 1000 
hr, whereas some potential appl ica t ions  involve 
se rv ice  beyond 10,000 hr; time-temperature param- 
e t e r s  a r e  useful i n  making extrapolations to such  
times. Second, there a re  some applications,  such  
as  in  radioisotope hea t  sources ,  where structural  
materials will  experience slowly varying tempera- 
ture and s t r e s s ;  time-temperature parameters a re  
useful in the  des ign  and ana lys i s  of such  devices .  

W e  have  ca lcu la ted  the  Larson-Miller parameter 
for severa l  alloys,  us ing  a technique similar to 
that sugges ted  by Manson and Mendelson. T h i s  
involves a leas t - squares  fit of t h e  Larson-Miller 
equation: 

P = f(D) = T ( C  + log  t )  , 

where T is the  absolu te  temperature, t is the  t ime 
to rupture or t o  a spec i f i c  s t ra in ,  C i s  a material 
constant,  and P is a function of s t r e s s  cr and is 
represented by a cubic  polynomial i n  t he  logarithm 
of s t r e s s :  

P = A, + A ,  log CT + A,(log D), + A3(log m j 3  . 

Typica l  of the  resu l t s  we have obtained are  t h e  
three  cu rves  shown i n  F ig .  15 .2  €or rupture of 
T-111, FS-85, and TZM. T h e s e  curves  represent 
a plot of experimental da ta  in  which t h e  creep 

*S. S .  Manson and A. Mendelson, Optimization of 
Parametric Cons tants  for Creep-Rupture Data by 
Means of L e a s t  Squares, N-62-70249 (March 1959). 
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stress is the  ordinate and the  calculated va lue  of 
the  Larson-Miller parameter P i s  t he  absc i s sa .  

W e  intend to expand our s t u d i e s  to include other 
parametric formulations and to explore the  signifi- 
cance  of any differences in  t h e  reliability of ex- 
trapolated data.  

Effect  of Irradiation on Creep Properties 
of Refractory Al loys 

R. W. Swindeman 

We are developing techniques for creep tes t ing  
of refractory metals under neutron exposure.  One 
experiment containing five molybdenum specimens 
h a s  been conducted in t h e  poolside facil i ty of the  
Oak Ridge Research  Reactor.  T h e  specimens 
were 0.1-in.-diam rods with a 2-in. gage  length 
and were encapsulated,  as i l lus t ra ted  in Fig.  15.3,  
in an evacuated s t a i n l e s s  s t e e l  housing. T h e  me- 
chanical loading and extension sens ing  sys tems 
were similar to those  employed for Hastelloy N 
and s t a i n l e s s  steel creep  experiments, which a re  
described elsewhere.  

All f ive spec imens  exhibited large thermal gradi- 
e n t s  along the  gage lkngth, but by adjusting 
hea ters  ou ts ide  the  capsu le s  we were ab le  to main- 

~~ 

J. W.  Woods, “In-Reactor Mechanical Properties 
Experiments,” International Symposium on Develop- 
ments  in Irradiation Capsule  Technology, Pleasanton,  
California May 3-5,  1 9 6 6 ,  CONF-660511 (March 1967). 
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Fig.  15.3. 
Experiment. 

Specimen Assembly for In-Reactor Creep 

tain the  temperatures a t  the  specimen center  and 
near t he  reactor within 6OC of one  another. T h e  
out-of-reactor end measured 30 to  6OoC below the  
other two temperatures. Extension curves  for 
th ree  of the  spec imens  a re  shown in F ig .  15.4. 
Interpretation of t h e s e  da t a  is pending the  com- 
pletion of postirradiation examination of the spec i -  
mens and t h e  determination of creep curves  for 
t he  out-of-reactor control specimens.  In the  mean- 
time, we are  redesigning the  experiment to  include 
liquid metals as heat-transfer media in an effort 
to  minimize thermal gradients.  

Fat igue  of Refractory A l loys  
at  E levated  Temperatures 

R. W. Swindeman 

W e  completed a survey of t he  influence of tem-  
perature on the  strain-fatigue life of niobium alloy 
D-43. T e s t s  were conducted in vacuum at a p las -  
t i c  s t ra in  range of 1% and a frequency of 1 cps .  
Test da ta  for t he  temperature range 20 to 1205OC 
are shown in T a b l e  15.2. We define t h e  p las t ic  
s t ra in  range as the  width of t h e  s t ress -s t ra in  hys- 
t e r e s i s  loop at zero s t r e s s  and the  s t r e s s  range 
a s  the  total  s t r e s s  change in the  loop. T h e  re- 
s i s t a n c e  to  cyc l i c  s t ra in  was  as good or better 
a t  elevated temperature than around room tempera- 
ture. A s  might b e  expected, t he  s t r e s s  correspond- 
ing to  th i s  leve l  of s t ra in  d e c r e a s e s  considerably 
with increas ing  temperature. Additional tes t ing  
is in progress at other s t ra in  l eve l s  t o  define 
fatigue curves  in the  temperature range from 850 
to 1200OC. 
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F ig .  15.4. Creep Curves Obtained on Molybdenum Specimens Tested in  the Poa ls ide  F a c i l i t y  o f  t he  ORR. 

Tab le  15.2. E f f e c t  of Temperature on the Fa t igue  L i f e  

of D-43 a t  a 1% C y c l i c  P l a s t i c  Strain Level  

Temperature S t ress  Range Life 
( O C )  (psi)  (cycles) 

20  120,000 2980 
300 100,000 6120 
540 90,000 6880 
7 60 84,000 7570 
870 79,000 3640 
980 75,000 8430 

1095 69,000 3100 
1205 54,000 8920 

PHYSICALMETALLURGYOF REFRACTORY 
ALLOYS 

H. Inouye 

Aging Characteristics of T-222 and Role of Carbon 
on Creep Properties of To-W-Hf Alloys 

D. T. Bourgette 

T h e  determination of t he  aging charac te r i s t ics  
of T-222 was  a part of a comprehensive program 

ORNL-DWG 67-987 
t25 40 

ULTIMATE TENSILE STRENGTH 

100 15 I 1 I ' 
1500 4600 1700 4800 two 2000 

SOLUTION ANNEALIFIG TEMPERATURE ("C) 

Fig.  15.5. Room-Temperature T e n s i l e  Proper t ies of  

T-222 Solution Annealed fo r  1 hr a t  Var ious Tempera- 

tures ond 10-8 Torr, Then Rapid ly  Quenched. 

tha t  included recovery, recrystall ization, grain 
growth, and aging s tud ie s  of a family of alloys 
similar to T-111. 

i la r  to tha t  of T-111. A s  i l lustrated in Fig.  15.5,  
the  optimum temperature for maximum tens i le  
strength for a 1-hr anneal was  165OOC when t h e  

T h e  solutioning behavior of T-222 was  very s im-  
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Fig .  15.6. E f fec t  of Duplex Aging Treatments on 

T-111 and T-222 and T -111  Doped with 570 ppm C. 
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specimens were quenched. Slow cooling, tha t  is, 
radiation cooling, the  spec imens  from the  anneal- 
ing temperatures resulted in a reduction of the  
tens i le  strength by about 20%. In addition, the 
slow-cooled alloy did not exhibit  minimum or maxi- 
mum points. 

Solution-annealed (165OOC for 1 hr) and then 
quenched specimens of commercial T-222 were 
aged for t i m e s  of 15 min to 100 hr at temperatures 
of 1100 to 1315OC. A s  i l lus t ra ted  in F ig .  15.6,  a 
decrease  in the  room-temperature strength occurred 
within 10 hr. After t h i s  in i t ia l  decrease ,  the room- 
temperature strength remained the  s a m e  for aging 
t imes to 1600 hr (not shown) a t  llOO°C. The  be- 
havior of aged  T-222 was  very similar to that of 
commercial T-111 and T-111 doped with 570 ppm C.  

The  opt ica l  microstructure of solution-annealed 
T-222 and T-111 was  s ingle  p h a s e  when quenched; 
subsequent  aging treatments at 1100 to 148OOC re- 
su l ted  in the  precipitation of second phase. T h i s  
second phase ,  presumably a carbide,  increases  in 
particle s i z e  and amount with an inc rease  in aging 
t ime.  Apparently, T-222, l i ke  T-111, is fully aged 
after t he  init ial  solution anneal,  and subsequent  
hea t  treatments in th i s  temperature range merely 
result in overaging. The  work h a s  been completed, 
and a final report is being prepared. 

the Room-Temperature Mechanical Properties of Commercial 

Future  work will  b e  concerned with the  determi- 
nation of t he  e f f ec t s  of carbon, oxygen, and 
changes  in the  concentrations of tungsten and 
hafnium on the  creep behavior of tantalum-tung- 
sten-hafnium alloys.  T h e  strengthening mechanism 
will b e  s tud ied  by electron t ransmission micros- 
COPY. 

Diffusion of Nitrogen in Nb-1% Z r  

H. Inouye 

T h e  diffusivity of nitrogen in  Nb-1% Zr  was  de- 
termined by measuring the  sorption rate of nitrogen 
by the  alloy under the  conditions l i s t ed  in  T a b l e  
15.3. Th i s  work is part of a broader program whose  
a i m  is to  determine the  role of in te rs t i t i a l s  in re- 
fractory metals.  For  t h e s e  temperatures and pres- 
su res  the  inward flux of nitrogen occurred from a 
nitride-free sur face  whose nitrogen concentration 
Cs was  slightly lower than the  equilibrium concen- 
tration Ce. T h e  diffusivity, which increased  with 
temperature according to the  equation DN = 1.4 x 
lo-'  exp (-42,00O/RT), lowered the  nitrogen con- 
centration ratio (denoted as the  ratio Cs/C, in 
Tab le  15.3) from about 8 a t  120OOC to  about 1 a t  
145OOC. 
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T a b l e  15.3. Concentration Gradients and Diffusion Coef f ic ients  of Nitrogen in Nb-1% Zr 

DN 
cs/cma (cm '/set) 

C e  cs Temperature P r e s  sure 

( O C )  (torr) (ppm) ( P P d  

1200 2.5 x 1750 1690 7.94 9.2 X 10-l‘ 

1300 4.8 x 1140 87 5 4.37 5.6 x lo-’‘ 
1450 1.8 x 255 230 1.15 5.3 x 10-l0 

aRatio a t  Cm = 200 ppm N 

Our resu l t s  for D, in Nb-l% Z r  a re  about th ree  
orders  of magnitude lower than D N  in unalloyed 
niobium. Internal friction da ta  for Nb-0.8% Zr- 
nitrogen and niobium-nitrogen a l loys5  show tha t  
t h i s  amount of zirconium inc reases  t h e  relaxation 
time by a factor of 700, which is about t h e  ratio 
found by u s  for D, in t h e  Nb-l% Zr  alloy and un- 
alloyed niobium. 

Vaporizat ion of Haynes A l l o y  NO. 25 
Under Stress 

D. T. Bourgette 

T h e  evaporation k ine t ics  of Haynes alloy No. 25 
h a s  been determined for the  uns t r e s sed  condition 
a t  temperatures cf 870 to  115OoC, and a final report 
h a s  been i ssued .  

Under certain conditions, s t r e s s  is known to en- 
hance  ra te  p rocesses  such  as corrosion and dif- 
fusion by vacancy generation and increased  d is -  
location movement. Util izing t h i s  premise and the  
resu l t s  of t h e  init ial  vaporization work, which 
showed that evaporation of multicomponent a l loys  
w a s  diffusion-rate dependent, a program was ini- 
t i a ted  to determine the  effects of s t r e s s  on evap- 
oration k ine t ics  and the  effects of evaporation on 
c reep  behavior. T h e  equipment necessary  to con- 
duct adequate experiments i n  high vacuum h a s  
been designed and is currently being fabricated.  

4W. M. Albrecht and W .  D. Goode, Jr.,  Reaction of 
Nitrogen with Niobium, BMI-1360 (July 1359). 

5R. W.  Powers and M. V. Doyle, “Diffusion of Inter- 
s t i t i a l  Solutes in Group V Transit ion Metals,” J .  Appl. 
Phys .  30, 514 (1959). 

6D. T. Bourgette, Vaporization Phenomena of Haynes 
Alloy No. 25 to 115OoC, ORNL-TM-1786 (May 1967). 

7R. G. Donnelly, Metals a n d  Ceramics Div. Ann. 
Progr. Rept.  June 30, 1966, ORNL-3970, pp. 64-66. 

JOINING OF REFRACTORY MATERIALS 

G. M. Slaughter 

Welding of Advanced Refractory Al loys 

R. G. Donnelly 

We a r e  continuing to inves t iga te  t h e  weldability 
of advanced refractory a l loys  and the  effects of 
aging on  the  properties of welds  in  t h e s e  alloys.  
Investigations on  the  aging of Cb-752 and Cb-753 
have continued and SU 16  was  included in our 
overall  weldabili ty evaluation program. 

T h e  resu l t s  of aging gas-tungsten-arc welded 
s h e e t  specimens of Cb-752 and Cb-753 and sub- 
sequently subjec t ing  them to t ransverse  bending 
a t  room temperature were reported previously. 
Hardness  t raverses  of se l ec t ed  weld samples  were 
made and a re  presented  in F ig .  15.7. In each  case 
t h e  hardness  of a specimen in the  “as  welded” 
condition is presented along with that of a spec i -  
men found to b e  embrittled during aging and sub- 
sequent  bending (lower temperature hea t  treatment) 
as wel l  as one  in the  overaged condition (higher 
temperature hea t  treatment). 

From Fig.  15.7a i t  is evident that  t h e  Cb-753 
alloy did not exhibit  any hardness  inc rease  in  t h e  
heat-affected zone  o r  b a s e  metal. Indeed, t he  only 
hardness  inc rease  of any s igni f icance  on these  
profiles appears  i n  the  weld metal, tha t  i s ,  region 
C of the  specimen aged 200 hr a t  76OoC. T h e s e  
r e su l t s  correspond to  those  obtained on  bend spec -  
imens  of Cb-753 containing welds  embrittled by 
th i s  treatment; cracking was  always confined to  
t h e  weld metal. 

T h e  hardness  profiles of the  Cb-752 welds a r e  
presented in  F ig .  15.7b. Note that although zone  
D is the  metallographically de tec tab le  heat-af- 
fec ted  zone  with i t s  attendant recrystall ization 



72 

280 

260 

- 240 
a 
I 
0 - 
# 220 
z 
IL 
Q 

n 

I 200 

180 

160 

ORNL-  DWG 67 -10293 

Cb-753tNb-5V-1.25 Z r )  

DETECTABLE 

I HEAT-AFFECTED ZONE 1 
I 1 I x{ityt-l AGED 1OOhr AT 815"C, 

( 0 )  

0 0.05 0.40 0.15 0.20 0.25 0.30 0.35 0.40 
DISTANCE FROM WELD CENTERLINE (in.) 

3 4 0  

320 

300 

I 280 
I 
a 
D - 
2 260 
z 
D 
IL 
Q 
I 240 

2 20 

200 

180 

E 

-WELD- 
METAL - 

(6) 

DETECTABLE 
HEAT-AFFECTED ZONE 

-FU~ION LINE I i I I 

0 0.05 0.10 0.t5 0.20 0.25 0.30 0.35 0.40 
DISTANCE FROM WELD CENTERLINE (in.) 

Fig.  15.7. Hardness Prof i les of Weldmenis in (a) Cb-753 ond ( b )  Cb-752. 

and grain growth near  t he  weld fusion l ine,  t h e  
hardness  t raverse  shows  tha t  t h e  true heat-affected 
zone  encompasses  regions B and C as well. Within 
the  weld metal t he  hardness  remained constant,  but 
a t  a somewhat higher value. 

After t h e  as-welded joint  w a s  aged  for 100 hr a t  
816OC, t he  hardness  profile w a s  altered consider- 
ably. T h e  heat-affected zone  had apparently been 
made sens i t i ve  to an  ag ing  reaction by t h e  weld- 
ing  operation, and in t h e  weld t h e  hardness  va lues  

increased  toward the  weld center  line. Metallo- 
graphic examination of t he  solidification pattern 
of t h e  weld metal  revealed tha t  t h e  amount of inter- 
dendrit ic material also increased  as the  weld cen- 
te r  l i n e  w a s  approached. Thus t h e  interdendrit ic 
material is apparently respons ib le  for t h e  hardness  
increase .  Furthermore, examination of j o in t s  
t e s t ed  after being exposed to t h i s  embrittling treat- 
ment showed t h e  cracking to  b e  concentrated in  
th i s  interdendrit ic material. 

. 
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Fig. 15.8. Ductile-to-Brittle Transit ion Curves for 

SU 16 Al loy  Weld Specimens. 

T h e  la rge  hardness  inc rease  in  the  heat-affected 
zone  l e a d s  one  to expec t  tha t  cracking might occur 
during the  bending of aged  welds.  Again, t h i s  had 
been verified metallographically. 

(100 hr a t  1093OC), which w a s  duc t i le  upon bending 
a t  room temperature, is also presented in F ig .  
15.7b. A general  moderating of t he  hardness  is 
evident.  

veloped for gas-turbine b l ades ,8  is of potential 
in te res t  as a structural  material for nuclear and 
s p a c e  applications.  Therefore, w e  determined the  
bend ductile-to-brittle transit ion temperatures for 
welds in 0.060-in.-thick shee t .  T h e  da ta  for 4T 
bend t e s t s  on  specimens welded by t h e  electron- 
beam and gas-tungsten-arc p rocesses  a re  shown 
in  F ig .  15.8. Data for unwelded specimens and 
“stress-relieved” welds  a re  included also. 

A s  expected, t he  ductile-to-brittle transit ion 
occurs  a t  relatively high temperatures. Although 
the  transit ion temperature of the  unwelded shee t  
i s  below room temperature, electron-beam welds  
exhibit  a transit ion of about 90°C and gas-tungsten- 
a rc  welds  230°C. T h e  manufacturer’s recommended 
“ s t r e s s  relief” of 1 hr  a t  120OOC did not lower the  
undesirably high transit ion temperature. However, 
i t  appears  that  a s l igh t  improvement w a s  obtained 
in the  amount of bending before cracking. 

T h e  ha rdness  profile of an  overaged specimen 

T h e  niobium alloy SU 16, although originally de- 

8 Kawecki Chemical Company, New York, SU 16 
Niobium-Base A l l o y ,  Bulletin, 1965. 

An aging o r  embrittling reaction also occurred 
in  welds a t  temperatures in  t h e  800 to  120OOC 
range. In our t e s t s ,  t h e  phenomenon was  confined 
to the  weld metal  and heat-affected zone  and was  
similar t o  the  embrittlement exhibited by all o ther  
welded niobium alloys.  

Brazing Al loy Development 

N. C. Cole  D. A. Canonico 

Our purpose is to develop brazing a l loys  for 
joining refractory meta ls  and ceramics  to them- 
s e l v e s  and to  each  other. T h e  primary objective 
concerns  a l loys  for  u s e  i n  the  temperature range 
of 1300 to  1900°C; however, w e  are  not restricted 
to th i s  range if other a l loys  a re  discovered that 
exhibit  unusually attractive features.  Studies on 
the  titanium-vanadium-based a l loys  have  been 
init iated,  and work h a s  progressed on other sys -  
tems  d i scussed  previously. 
determined on jo in ts  brazed with spec i f i c  compo- 
s i t i ons  tha t  warranted further development. B a s e  
meta ls  of TZM and Ta-10% W were se l ec t ed  as 
being typical of fabricable high-strength materials 
of in te res t  in brazed sys tems.  

W e  found that the  strength of a brazed joint is 
dependent upon t h e  b a s e  metal. At room tempera- 
ture the  Ta-10% W specimens brazed with the  ex- 
perimental a l loys  had shear  s t rengths  in e x c e s s  
of 40,000 ps i ;  TZM specimens exhibited s t rengths  
of greater than 20,000 psi .  At e leva ted  tempera- 
tures,  t h i s  advantage of Ta-10% W did not neces-  
sa r i ly  prevail. However, regardless of the  b a s e  
metal, most of the  brazing a l loys  maintained rather 
impressive shea r  s t rengths  (near 20,000 psi)  up  to 
temperatures within 2OOOC of their  melting points. 
FuLhermore, t h e  brazing alloy 35% Ti-35% Zr- 
30% Cr  maintained a shea r  strength of greater 
than 10,000 p s i  a t  a temperature within 25°C of 
i t s  melting point regardless of the  b a s e  metal. 

One titanium-base brazing alloy containing 21% 
V and 25% Cr  proved outstanding in i t s  ability to 
wet ceramics.  F igure  15.9 shows  i t s  excellent 
wettabil i ty and flowability on both A1,0, and tan- 
talum. T h e  penetration of the  brazing alloy in to  
the  pores  of t h e  A1,0, (F ig .  15.10) provides a 
good mechanical bond in addition to t h e  metal- 
lurgical bond. In a quali tative shea r  t e s t  of an 
A1,0, brazement, failure occurred in  the  ceramic. 

‘D. A. Canonico, Metals and Ceramics Div.  Ann. 
Progr. Rep t .  J u n e  30, 1966, ORNL-3970, pp. 66-68. 

Shear s t rengths  were 

. 
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Fig. 15.11. Boiler and Condenser Legs of D-43 Loop FCL-8 Before Completion of Final Butt Weld. 

Fig. 15.12. View of D-43 Loop FCL-8 in Welding 
Chamber in Position for Final Butt Weld. 

carefully inspected for defec ts  before any addi- 
t ional loop construction was  undertaken. In gen- 
eral ,  t h e  welding proceeded routinely; however, 
a few minor cracking problems were encountered. 
In one case, a small crack was  noted in  the b a s e  
metal in the  bevel a rea  of t he  weld after the root 
p a s s  had been deposi ted in one  of t h e  condenser  
sec t ion  welds. Th i s  defec t  w a s  machined out  unti l  
all dye-penetrant indications were removed. Sub- 
sequent  rewelding resulted in a sound weld. T h e  
other cracking problem was  encountered when some 
heater support lugs were welded to  t h e  boiler sec- 
tion over ex is t ing  welds. Cracks,  which probably 
resulted from s t r e s s e s  s e t  up when the  support 
lugs  were welded on, were noted in  the  sur faces  
of the  original welds. T h e  defec ts  were removed 
by grinding until  all dye-penetrant indications 
were removed. After subsequent  repair welding of 
t he  grinding depress ions  no de fec t s  were indicated. 

A view of the  completed boiler and condenser  
l egs  of the  loop before completion of t he  final butt 
weld is shown in Fig.  15.11. Figure 15.12 is a 
view of t he  welding chamber with the  loop in posi-  
tion for the final butt-welding operation. 

FABRICATION OF T-111 TUBING 

W. R. Martin 

Arc Melting and Casting of Ingots 

R. E. McDonald C. W. Dean 
J. M. Jones  

T h e  melting parameters for the  T-111 alloy de- 
velopment program have been es tab l i shed .  Four  
e lec t rodes  prepared by “sandwiching” tantalum 
strip,  tungsten foil and wire, and hafnium rods 
were consumably a r c  melted into 4-in.-diam by 
approximately 7-in.-long ingots. Due t o  composi- 
tion inhomogeneities, particularly tungsten segre- 
gation, t h e s e  ingots  were given a second vacuum 
arc  m e l t  with an intermediate extrusion s tep .  T h i s  
double-melt, intermediate-extrusion process  as- 
su res  a homogeneous product. 

T h e  melting of th i s  alloy requires approximately 
6200 amp of current at 30 v. T o  begin melting, the  
strike- is made a t  5000 amp and almost immediately 
an additional rectifier is brought i n  at 1200 amp. 
T h i s  sequence  is necessary  to  prevent the  elec- 
trode from s t ick ing  to the bottom of the  mold and 
to in i t ia te  melting. If the  current is held at a 
lower level,  a low-voltage plasma forms and con- 
cent ra tes  on the  mold wall, result ing in  a burn- 
through. T h e  electrode cross-sectional a rea  must 
not exceed  one-fourth tha t  of the  mold. Vacuum 
is maintained at 5 x lo-’ torr during melting to  
remove volati le impurities. 



T a b l e  15.4. Summary of Extrusion Dato for T-111 

Extrusion Dimensions 
(in.) 

Billet  Dimensions (in.) Weight Temperature Extrusion Force (tons) Speed Extrusion 

OD Length ID (1b) (OC) Ratio Maximum 
Extrusion ~I .. . Minimum (in./sec) Constant  

OD ID Length 

R o u n d  R o d s  

0356= 3.950 6.00 39.2 1650 8.8 

0380 3.930 6.875 46.2 1850 4.1 98 0 900 14.9 106,100 1.999 27.6 

Tube Shells 

0365 3.985 7.60 1.125 56.0 1750 4.1 1040 950 16.5 113,200 2.001 1.064 30.8 
0417 3.915 5.75 1.125 33.0 2000 4.7 1180 86 0 1.4 117,200 2.010 1.009 21.51 
0418 3.915 5.25 1.125 30.1 2000 4.1 900 7 4 0  10.2 78,100 2.125 1 .050 18.0 

rn 

Sheet Bar 

0357 3.860 6.75 1.125 41.1 1750 7.1 1100 1060 1.3.7 86,400 1.506 x 3.064b 16.0 

aExtrusion failed. 
bThickness  and width, respectively,  for shee t  bar. 
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One of t he  problems encountered early in  th i s  
alloy development program was  t h e  loss of haf- 
nium during vacuum a rc  melting. To s t a y  within 
the  1 .8  to 2.2% specification range, we deter- 
mined that 3.0% Hf must b e  charged. At that time 
no indication was  given that tungsten was  lo s t  
during melting. However, chemical ana lys i s  now 
shows that t h e  hafnium loss  i s  not a s  great a s  
originally reported and  some tungs ten  is also los t .  
Each hea t  of t h e  alloy that h a s  been melted h a s  a 
total  in te rs t i t i a l  impurity conten t  (C + 0 + H + N) 
of less than 100 ppm, with t h e  carbon l eve l s  
averaging 25 ppm. 

we a re  also making t h e  alloy e lec t rodes  by an 
a l te rna te  method, powder metallurgy. Electrodes 
have  been formed by blending powders of tantalum, 
tungsten,  and hafnium hydride, i sos ta t ica l ly  press -  
ing  a t  30,000 ps i ,  and s in te r ing  to enhance t h e  
integrity of the  e lec t rodes  and to remove as much 
of the  volati le impurit ies as  poss ib le .  T h e s e  
e lec t rodes  have  been arc  melted o n c e  in vacuum 
and a re  to b e  extruded as  tube s h e l l s  and processed  
into tubing. 

Since T-111 i s  s t i l l  in the  developmental s t ages ,  

Extrusion and Drawing of Tubing 

R. E. McDonald C. W. Dean G. A. Reimann 

Six T-111 extrusions have  been made. The  ex- 
trusion parameters a re  given in  de ta i l  i n  Tab le  
15.4. One primary extrusion (No. 0356) broke 
apart  because  of excess ive  tungsten segregation. 
A s h e e t  bar (No. 0357) was  extruded and a portion 
of i t  i s  being used  to study subsequent  fabrication 
parameters. Three  tube s h e l l s  have  been extruded 
as N o s .  0365, 0417, and 0418 and a r e  being 
machined for subsequent  fabrication into tubing. 

tion of T-111 tubing for corrosion loop FCLLL-1  
(see Chap. 17) have been tentatively developed. 
All of th i s  work is conducted a t  room temperature 
with t h e  chain-driven drawbench, us ing  hardened 
s t e e l  mandrels. 

One T-111 as-extruded tube  she l l  w a s  machined 
to remove sur face  de fec t s  and ensu re  bore concen- 
tricity. I t  was  then reduced by mandrel-swaging 
to a diameter small enough ( l e s s  than 1.5 in.) to 
b e  accommodated by the  drawbench. While the  
wall  was  qui te  heavy, drawbench capac i ty  limited 
t h e  reduction in  a rea  per  p a s s ;  however, 25% 
reduction per p a s s  w a s  poss ib l e  after severa l  

T h e  drawing procedures necessary  for t he  produc- 

p a s s e s  had thinned t h e  wall. A fluorocarbon . 
lubricant worked very well and provided sufficient 
f i l m  strength for reductions over  25%. Par t icu lar  
attention must b e  paid to  drawing d i e s  so tha t  
they a re  smooth and scrupulously c lean ,  because  
sc ra t ches  and adhering metal nullify the  effective- 
n e s s  of the  lubricant. 

Because  good-quality mandrel rods could not b e  
obtained in  a reasonable time, hardened drill rod 
was  used  for mandrels i n  the T-111 drawing de- 
velopment effort. T h i s  caused  some difficult ies 
because  lengths  were limited to 3 ft, and t h e  rods 
warped on  hea t  treatment. T h e  warpage made i t  
necessa ry  to expand the  tubes  considerably to 
remove the  mandrels, and some scoring of the  
in s ide  sur face  resulted when t h e  mandrels were 
withdrawn. T h e  excess ive  amount of cold reduc- 
tion to compensate for t he  expansion to remove 
the  warped mandrels limited the  amount of wall 
reduction obta inable  by drawing; t h e  tubes  c racked  
during mandrel removal. T h i s  required more 
frequent annealing. When t h e  desired mandrels 
arrive, t h e  es tab l i shed  tube reduction schedule  
will  b e  made more efficient.  

P H Y S I C A L  P R O P  E R T  I E S 
O F  R E F R A C T O R Y  M A T E R I A L S  

D. L. McElroy 

We a re  concerned with measuring, correlating, 
and understanding the  high-temperature thermo- 
phys ica l  properties of refractory materials.  Their 
charac te r i s t ics  a re  sought by accura te  measure- 
ments of thermal conductivity X, e lec t r ica l  re- 
s i s t iv i ty  p ,  thermoelectric power s, spec i f ic  hea t  
C , and total  hemispherical  emittance E,. 

P 

Physical  Properties of T-111 

R. S. Graves T. G. Kol l ie  J .  P .  Moore 

A spec ia l  assembly of t he  radial  hea t  flow ap- 
para tus  was  used  to  measure X between 50 and 
1000°C for a limited supply of T-111. A 9-in.-tall x 
3-in.-diam disk  s t a c k  was  used  and cons is ted  of 
7 in. of D-43 backup d i sks  and 2 in .  of T-111 d i s k s  
loca ted  in  t h e  cent ra l  portion. Tab le  15.5 l i s t s  
smoothed va lues  of A, corrected for core  hea ter  
expansion, t ha t  a r e  accurate to F1.576. W e  see 
tha t  X i nc reases  with temperature to  1000°C, a 
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Table 15.5. Physical Properties of T-111 

Tota l  Hemispherical Emittance 

Thermal Pol i sh  11-pin. Finish  

Thermal Elec t r ica l  Thermoelectric 
Conductivity, h Resistivity,  p Power,a s Temperature 

(OC) (w c m - l  OC-') (pohm-cm) (pv/OC) 

100  

200 
300 
400 
5 00 
6 00 
7 00 
800 
900 

1000 
1100 
1200 
1300 
1400 

0.418 
0.447 
0.466 
0.483 
0.498 
0.511 
0.524 
0.537 
0.545 
0.549 
0.559' 
0.567' 
0.574b 
0.580' 

22.40 
26.56 
30.62 
34.48 
38.34 
42.05 
45.66 
49.12 
52.71 
56.21 
59.68 
63.14 
66.52 
69.91 

5.90 
7.90 
9.89 

11.92 
14.05 
16.22 
18.42 
21.61 
22.83 
25.04 
27.35 
29.75 
32.24 
34.85 

0.086 
0.096 
0.111 
0.126 

0.259 
0.287 
0.315 
0.343 

aWith respect to platinum. 

'Calculated from h = 2.404 x T/p + 9 / T  

behavior similar to  that of pure tantalum. T h e s e  
va lues  a re  3 to  17% below li terature" values for 
T-111. Tab le  15.5 inc ludes  smoothed values of 
p and S of T-111 obtained to 140OOC on a rod 
specimen. T h e  p values  for T-111 are nominally 
5 p ohm-cm above l i terature '  va lues  for tantalum. 

T h e s e  da t a  may b e  related to  +0.6% by 

h = 2.404 x T / p  -t 9 / T ,  

where T is the  absolu te  temperature in O K .  T h e  
coefficient 2.404 x l op8  is the  Lorenz number 
and is slightly less than the  Sommerfeld limit of 
2.443 x l op8  (v/"K)*. T h e  9 / T  term represents 
the l a t t i ce  contribution, which is generally small 
i n  niobium- and tantalum-base alloys.  Th i s  equa- 
tion was used  t o  obtain the  h values  above 
1000°C from t h e  p measurements. 

Tota l  hemispherical emit tance va lues  for two 
sur face  conditions of T-111 a re  also given in 
Table  15.5. T h e  pulse-heating calorimeter de- 

10 J. C. Hedge, C. Kostenko, and J. I .  Lang, Thermal 
Properties of Refractory Alloys, ASD-TDR63-597 
(June 1963). 

"R. P. Tye, pp. 168-74 in Niobium, Tantalum, 
Molybdenum, and  Tungsten, ed. by  A. G. Quarrell, 
E lsev ier  Publishing Company, New York, 1961. 

scribed in  Part I ,  Chap. 9 of t h i s  report was  
used  for t h e s e  measurements. T h e  thermally 
polished specimen had been repeatedly hea ted  
to  150OOC and yielded low E t  values:  T h e  
specimen with 11-pin. sur face  finish was  cold 
swaged and lapped to  produce a finish similar 
to  tha t  of ground g la s s .  T h e  300% difference 
represented by t h e s e  resu l t s  i l l u s t r a t e s  t h e  
importance of sur face  finish on E t  and the  need 
for s tud ie s  to allow proper su r face  characteriza- 
tion for prediction of E t  for real  sur faces .  

Thermocouple Dr i f t  T e s t s  

D. L .  McElroy 

T h e  la rge  thermoelectric power of t he  Chromel-P 
v s  constantan thermocouple makes  i t  at tractive 
for u s e  from -195 to 800OC; however, evaporation 
from s m a l l  wi res  in vacuum makes i t  suspec t .  
Consequently, thermal emf  drift tests were con- 
ducted for 400 hr a t  lo-' torr between 300 and 
8OOOC on bare thermoelements with four different 
diameters - 0.005, 0.010, 0.020, and 0.032 in. 
Thermal emf  changes  equivalent to  less than 2OC 

. I  

c 
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were noted for t h e s e  t e s t  conditions.  Init ial  
drifts  due  to co ld  working and annealing e f fec ts  
were followed by s m a l l  cons tan t  dr i f t s  due  to 
evaporation. 

Thermal Radiation Exchange from Graphite 

T. G. Kol l ie  

Temperature control of cer ta in  irradiation t e s t s  
a t  high temperatures c a n  b e  simplified if radiant 
hea t  exchange c a n  b e  used  rather than forced con- 
vection to remove gamma and neutron heating. In 
a planned irradiation t e s t  i n  HFIR of graphite 
generating 37 w/cm and held in  an  anodized 
aluminum c losed  container, p a s s i v e  means (gaseous  
conduction and convection and thermal radiation, 
but no forced convection) were to b e  used  to main- 
tain t h e  graphite a t  7OO0C, i f  a thermal radiation 
exchange of 1 2  w/cm could b e  achieved. 
Unfortunately, rnockup t e s t s  of t h i s  configuration 
ind ica ted  a radiant exchange for graphite a t  7OOOC 
of 7.6 w/cm for a n  anodized aluminum receiver 
and 9.2 w/cm for an Aquadag-coated aluminum 
receiver. T h e s e  t e s t s  ind ica ted  an E t  value for 
graphite a t  7OO0C of 0.796 and a t  2OoC of 0.504 

1 2  D. L. McElroy, Proceedings of F i f t h  Temperature 
Measurements Soc ie ty  Conference  and Exhib i t ,  
Hawthorne, California,  March 14-15, 1967 (in press) .  

for anodized aluminum and 0.679 for Aquadag- 
coa ted  aluminum. All of t h e s e  va lues  a re  lower 
than normally assumed for t h e s e  materials. 

NONDESTRUCTIVE TESTING 
OFREFRACTORYALLOYS 

R. W. McClung K. V. Cook 

We have continued our  nondestructive evaluation 
of refractory alloys.  T h e  spec i f ic  techniques  
employed were se l ec t ed  according to  t h e  materials 
and their  configurations. F luorescent  penetrants 
were used  to  eva lua te  the  outer sur faces  of t h e  
alloys,  and very few significant d i scont inui t ies  
were de tec ted  by t h i s  procedure. Penet ran t  exam- 
ination of tantalum a l loys  proved satisfactory 
only after t h e  sur face  had been etched. At l e a s t  
one  ultrasonic technique w a s  used  for t he  detec- 
tion of internal f laws, and in  some ins t ances  
radiography and eddy currents were also applied. 

A l a rge  portion of our work was  devoted to the  
preparation of appropriate reference s tandards  
and subsequent  evaluation of materials under 
study. For the  ultrasonic evaluation of shee t ,  
bar, plate,  and tubing, we found that e lec t r ic  
d i scharge  machining y i e lds  t h e  most accura te  
and reproducible reference notches.  Additional 
work of t h i s  t ype  i s  d i scussed  under Nondestruc- 
t ive  T e s t  Development in P a r t  111, Chap. 22 of 
t h i s  report. 

. 

. 



16. Tungsten Metallurgy 

W. 0. Harms 

Tungsten i s  attractive for advanced high-tempera- 
ture reactor sys t ems  b e c a u s e  of i t s  high melting 
point, excellent high-temperature strength,  high 
thermal and electrical  conductivit ies,  and good 
compatibility with many fuel materials and cool- 
ants.  However, i t  suffers from a lack  of ducti l i ty 
a t  low temperatures, which hampers both fabrica- 
tion and application. T h e  present program encom- 
p a s s e s  two a reas  of tubing fabrication and a com-  
p le te  physical-metallurgical evaluation of products 
of both. One fabrication method i s  direct chemical 
vapor deposit ion (CVD) for heavy-metal ha l ides ,  
and the  other i s  modification of more conventional 
techniques based  on extrusion and warm drawing. 
The  program a l s o  includes more bas i c  s tud ie s  de- 
signed to  e luc ida te  t h e  mechanisms involved in 
the  low-temperature mechanical behavior of tung- 
s t en  and t h e  role of se lec ted  alloying elements.  

E X T R U S I O N  A N D  DRAWING OF T U N G S T E N  
A N D  T U N G S T E N  A L L O Y S  

W .  R. Martin 

T h e  objective of our metalworking program in  t h i s  
activity is to  dev i se  new or improved techniques  
for the production of tungs ten  tubing that offer 
better quality products and lower costs. Our fab- 
rication development involves the  extrusion and 
drawing of tungsten and tungsten a l loys  us ing  im- 
proved tooling and techniques with conventional 
metalworking equipment. 

'R. E. McDonald and G. A. Reimann, Metals a n d  
Ceramics Div. Ann. Progr. Rept.  June 30,  1966, ORNL- 
3970, pp. 61-64. 

'G. A. Reimann and R. E. McDonald, The  Extrus ion  
of Tungsten and  Tungsten-Alloy Tubing (in preparation). 

Tube-Shell and Duplex Extrusions 

R. E. McDonald G. A. Reimann 
C. W. Dean 

T h e  investigation of tungs ten  and tungsten-alloy 
tubing extrusion h a s  continued, and 37 bi l le t s  were 
extruded in  the  pas t  year. Extrusion temperatures 
ranged between 1650 and 220OOC and extrusion 
ratios varied between 3 and 9. T h e  extrusion p r e s s  
controls and hydraulic system were modified t o  
greatly inc rease  p re s s  response  as well  as ram 
speed  during extrusion, thereby minimizing bil let  
hea t  l o s s e s  t o  the  tooling. T h e  bil let  heater was  
modified to fac i l i t a te  maintenance and repair and 
to  eliminate s t ick ing  of the  hot bil let  t o  t h e  ped- 
estal block. T h e  mandrel des ign  was  altered t o  
reduce b i l le t  transfer time and to ensu re  e jec t ion  
of ex t rus ions  from the  tooling. 

Additional effort with W-25% R e  duplex b i l le t s '  
demonstrated their  suitabil i ty for reextrusion into 
thin-walled tubing. Also,  t he  duplex b i l le t  des ign  
was  employed successfu l ly  t o  obtain a wrought 
structure in tubular CVD tungsten. 

Improved extrusion su r faces  resulted from em- 
ploying bil let  temperatures in  t h e  vicinity of 
185OOC and inser t ing  0.005-in. molybdenum foil  
into t h e  p re s s  container prior t o  loading t h e  billet. 
Since lower bil let  temperatures restrict  t h e  extru- 
s ion  ratio somewhat,  heavy-walled tube s h e l l s  a r e  
produced. Higher temperatures (to 2200OC) to per- 
mit extrusion of thinner-walled tubing resu l t  i n  ac- 
ce le ra ted  tooling attrition and promote sur face  
defec ts  i n  t h e  extrusion related to  in te rac t ions  
with molten iron from the  container sleeve. '  T h e s e  
problems appear t o  negate t h e  advantages  gained 
from higher extrusion ra t ios  obtained as a resu l t  
of employing higher temperatures. Cons iderable  

80 
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development appears necessary  to  obtain su i t ab le  
tooling des igns ,  materials,  and techniques before 
routine extrusion at temperatures above 2000°C 
becomes practical  and economical. 

Heavy-walled tube s h e l l s  a r e  sa t i s fac tory  when 
reextrusion as a duplex bil let  is intended. How- 
ever,  i f  tube s h e l l s  a re  to  be  reduced on the  draw- 
bench, the  longer, thinner-walled configuration is 
desired.  Using optimized extrusion parameters,  we 
feel  tha t  t he  maximum reduction ratio obtainable 
on W-25% R e  a t  185OOC is about 6.5, which pro- 
duces  a 1.5-in.-OD x 1.0-in.-ID tube she l l .  

H o t - P I  ug Drawing Development 

G. A. Reimann 

A state-of-the-art investigation d isc losed  tha t  no 
success fu l  method h a s  been dev i sed  for direct  hot- 
plug drawing (above 700°C) of as-extruded tungsten- 
alloy tube  she l l s .  Prior investigations have been 
hampered by insufficient drawbench capac i ty ,  l ack  
of necessa ry  auxiliary equipment, inabili ty t o  
achieve  des i red  drawing temperature, l ack  of su i t -  
ab le  lubricants,  and t h e  inability of conventional 
tooling materials to survive the  rigors of drawing 
tungsten a l loys  at e leva ted  temperatures. Thus ,  
we embarked on a program to  develop a relatively 
economical process  tha t  would enable direct  con- 
version of as-extruded tube s h e l l s  into s e m i -  
f inished tubing by plug drawing. 

Vitrified zirconia was  se lec ted  for d i e s  and 
drawing p lugs  to  withstand t h e  1000°C deemed 
necessary  for t he  init ial  tube-shell reductions.  A 
heated d i e  head maintains t h e  d i e s  at 45OoC, and 
drawbench modifications a re  in  progress to  provide 
improved tube-shell hea t ing  capabili ty,  a means of 
rapid mandrel advance and retraction, equipment 
for ensuring drawing speed  control, and instrumen- 
tation t o  monitor process ing  variables.  

To es t ab l i sh  t h e  feas ib i l i ty  of our approach t o  
hot-plug drawing, s eve ra l  as-extruded molybdenum- 
alloy tube  s h e l l s  were se l ec t ed ,  because  molyb- 
denum a t  somewhat lower temperatures behaves  
similarly to  tungsten.  A 45% area reduction could 
b e  obtained in  a s ingle  p a s s  when TZM was  hea ted  
to  700OC. Seven p a s s e s  at  7OOOC reduced as- 
extruded l a - i n .  OD x i - i n .  wall  t o  0.725-in. OD x 
0.027-in. wall, a total a r e a  reduction of 92%. A 
duplex extrusion with a CVD s l e e v e  was  reduced 
85% in five p a s s e s ,  and dissolution of t h e  molyb- 

denum covering yielded a wrought CVD tube, 
0.710-in. OD x 0.010-in. wall. No intermediate 
recrystall ization anneal was  necessary  in either 
of the  above trials.  

preliminary efforts for t h e  hot-plug drawing of 
refractory a l loys  a re  qui te  encouraging. Should 
we achieve  target tube sizes in tungs ten  a l loys  
us ing  t h i s  technique, we will have made a signif- 
i can t  advance in  developing a commercially adapt- 
ab le  process  that may improve the properties of 
the  finished tubing and reduce process ing  costs. 

While our hot drawing facil i ty is incomplete, our 

CHEMICAL VAPOR DEPOSITION 

W. R. Martin 

T h e  chemical vapor deposit ion technique is be- 
ing developed t o  produce high-purity tungsten and 
tungsten a l loys  in a wide range of forms as  shown 
in Fig.  16.1. Our primary effort i s  threefold: (1) 
the  direct  production of thin-wall tubing in lengths  
up to  4 f t ,  (2) an  empirical and s t a t i s t i ca l  investi-  
gation of deposit ion parameters as related to  t h e  
structural  f ea tu re s  of t he  depos i t  and t h e  mechanism 
tha t  is rate-controlling during deposit ion,  and (3) 
an  evaluation of t h e  parameters controlling the  
uniformity of composition and properties i n  de- 
pos i t s  of tungsten-rhenium alloys. 

Direct  Production of Long Thin-Wal led Tungsten 
Tubing by Chemical Vapor Deposit ion 

W. R. Martin R. L. Hees tand3 

T h e  general  p rocess  for deposit ing relatively 
short  l engths  of tubing by reduction of WF, with 
hydrogen h a s  been described previously. 
we developed an improved technique, using a re- 
sistance-heated mandrel for deposit ion of tubing 
having uniform wall th ickness  to  3- to 4-ft lengths.  
T h e  deposit ion i s  carried out in a water-cooled 
chamber fi t ted with insulated e lec t rodes  a t  each  
end. The  apparatus i s  operated in t h e  vertical  
posit ion,  and s t ra ightness  of the  res i s tance  e le -  
ment i s  maintained by applying a weight to t h e  

Recent ly ,  

3Present  address ,  Bat te l le  Memorial Insti tute,  

4 
Columbus, Ohio. 

Jr., Preparation and Evaluation of Vapor-Deposited 
Tungsten, ORNL-3662 (August 1964). 

R. L. Heestand, J. I. Federer, and C. F. Leitten,  
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Fig. 16.1. Tungsten and Tungsten-Alloy Products Formed by Chemical Vopor Deposition. In this composite, 

the 1-ft scale was photographed wi th  the long tube a t  the  bottom and the 1-in. scale  w i t h  the other pieces. 

retractable bottom electrode. Thin-wall s t a i n l e s s  
s t e e l  tubing is drawn to  an  outside diameter equa l  
to t h e  ins ide  diameter of t he  tungsten tube  required. 
T h i s  tubular mandrel, i n  addition to  giving su i t -  
ab l e  res i s tance  for heating, a l lows  installation of 
an  internal thermocouple to monitor t h e  deposit ion 
temperature. T h e  power supply for t he  r e s i s t ance  
hea t ing  is a 300-amp welding machine in  which 
the  power output c a n  b e  continuously adjusted t o  
maintain the  desired deposit ion temperature. 

by the  r e s i s t ance  behavior of the  deposit .  Rel- 
atively th in  regions have  a higher current dens i ty ,  
which r a i s e s  the  temperature locally, t hus  increas- 
ing  t h e  deposit ion r a t e  and thickness.  T h i s  method, 
of course ,  requires that sufficient amounts of re- 
ac t an t s  b e  present t o  ensure  a unifotm tube  wall. 
Fo r  a 0.200-in.-ID tube deposited at 65OoC, 100 
cm3/min W F , ,  2100 cm3/min H,, and a pressure  

Th ickness  uniformity is enhanced in th i s  s cheme  

of 10 torrs,  t he  deposit ion r a t e  was  0.0055 in./hr 
and t h e  efficiency was  greater than  90%. At t h i s  
deposit ion rate, a 40-in. t ube  with a wal l  thick- 
n e s s  up  to 0.030 in. c a n  b e  produced in one day. 

B e c a u s e  of t he  difference i n  the  thermal coef- 
f icient of expansion between the  s t a i n l e s s  steel 
mandrel and t h e  tungsten depos i t ,  t he  tungsten 
tube c a n  b e  readily removed from the  mandrel after 
cooling. No parting agent is necessary ,  because  
t h e  tungsten does  not bond to the  th in  oxide  film 
that forms on the  s t a i n l e s s  s t e e l  mandrel. 

Tubing of the  type  under consideration is suit-  
ab le  for u s e  in the  as-deposited condition but may 
be  ground to enhance t h e  outer finish. It may also 
b e  drawn, as described in  the  previous section. 
T h e  smoothness of t he  inner sur face  depends upon 
the  sur face  condition of t he  mandrel used  during 
deposition. . 

. 

, 
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Stat is t ica l  Parametric Studies 

W. C. Robinson, Jr. 

Fac to r s  affecting the  chemical vapor deposit ion 
of tungs ten  a re  being evaluated in a s ta t i s t ica l ly  
des igned  parametric study. We required 81 ex- 
periments in the  WF6-H, deposit ion sys tem to  
provide a third-order polynomial correlation between 
the  response  parameters and the  independent sys -  
tem parameters over t he  experimental range of 450 
to 82OoC, 9 to  20 torrs, 60 to 370 cm3/min WF6, 
and 752 to  5240 cm3/min H,. T h e  system param- 
e t e r s  were H,/WF, ratio, to ta l  flow rate,  tempera- 
ture, and pressure.  The  init ial  response  param- 
e t e r s  of to ta l  deposit ion,  deposit ion efficiency, and 
th ickness  uniformity were determined for an  internal 
depos i t  in a 15-in. length of an  0.807-in.-ID cop- 
per mandrel. The  deposit ion ra te  of tungs ten  at 
H F  mole fractions of 0.02, 0.05, 0.10, and 0.20 
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Fig. 16.2. Thickness of Tungsten Deposited in  5 hr 

as a Funct ion of Temperature and Pressure for Condi- 

tions of 4000 cm3/min Tota l  Gas F low Rate,  HF Mole 
Fract ion of 0.05, and 5.0% WF6 in  F e e d  Gas. 

was  also determined for each  experiment and cor- 
related with the  sys tem parameters. 

Examples of the  cu rves  result ing from these cor- 
relations a re  shown in  F igs .  16.2 and 16.3. F ig-  
ure 16.2 shows  t h e  th i ckness  of tungs ten  deposited 
in 5 hr a t  the point on the  mandrel a t  which t h e  
g a s  stream contained 5 mole % HF. T h e  thick- 
nes s ,  which is readily converted to  deposit ion 
rate for t h e s e  constant-time runs, is plotted as  
profiles aga ins t  temperature and pressure a t  a 
constant value of total  g a s  flow and H,/WF, ratio 
in the  g a s  stream. Figure 16.3 depic t s  t he  to ta l  
mass  of tungsten deposited in  5 hr in a 15-in. 
length as a function of temperature and pressure  
a t  cons tan t  va lues  of inlet  to ta l  g a s  flow and H z /  
WF, ratio. T h e s e  cu rves  a re  drawn by fi t t ing t h e  
experimental da t a  with an  empirical equation in- 
volving 35 cons tan ts .  T h e  forms of the  equations 
relating the  response parameters of to ta l  deposi-  
tion and deposit ion efficiency have been developed 
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from diffusion, fluid-flow, and reaction theory. 
T h i s  theoretically derived equation conta ins  only 
three cons tan ts  and f i t s  t he  da t a  as well  as t h e  
empirical equation. Refinement of th i s  theoretical  
equation should indicate the  particular rate-con- 
trolling processes  in each  experimental area.  

Nondestructive Thickness Measurements On 
CVD Tungsten Tubes5 

B. E. Fos te r  S. D. Snyder 

A through-transmission x-ray attenuation tech- 
nique, was  developed and used  to measure t h e  
th ickness  of CVD tungsten deposited on the  inner 
sur face  of copper tubes.  We tes ted  86 tubes  i n  
connection with the  s t a t i s t i ca l  parametric s tud ie s  
described above. 

Depos i t  ion of Tungsten -R hen ium A I loy s 

J. I. Federer W. R. Martin 

Development of a CVD process  for preparing 
tungsten-rhenium a l loys  in tubular and shee t  form 
h a s  ~ o n t i n u e d . ~  The  p rocess  u s e s  the  hydrogen 
reduction of WF, and ReF,.  Tubular depos i t s  
having compositional uniformity in both the  ax ia l  
and radial directions were prepared by u s e  of an  
injector to deliver t h e  WF,-ReF, mixture directly 
into the  uniformly heated portion of 5/8-in.-ID 
mandrels. Deposit ion conditions were H,/(WF, + 
ReF,) ratio of 15, 5-torr system pressure,  and  
temperatures of 800 to 900°C for a l loys  containing 
nominally 5 and 25% Re,  respectively.  T h e  deposi-  
tion temperatures were based  upon thermodynamic 
calculations for t he  codeposit ion process.  Typi- 
cal ax ia l  variations in rhenium content were k0.5 
and +1% R e  in  arbitrary lengths of depos i t s  contain- 
ing 7 and 22% R e  respectively.  The  electron micro- 
probe t r aces  for a W-22% R e  alloy i n  Fig.  16.4 show 
that the composition was  subs tan t ia l ly  uniform 
through the  th ickness  of a typical tubular deposit .  

5 A paper summarizing th i s  work was presented at  the  
convention of the  Society for Nondestructive Testing, 
Chicago, Nov. 2, 1966. 

B. E. Fos t e r  and S. D. Snyder, Metals and Ceramics 
Div. Ann. Progr. Rept. June 30, 1966, ORNL-3970, pp. 

J. I. Federer and C. F. Leitten,  Jr., Metals and  

6 

123-24. 
7 

Ceramics Div. Ann. Progr. Rept. June 30, 1966, ORNL- 
3970, pp. 105-7. 

Deposit ion r a t e s  of about 12 mils/hr were obtained. 
T h e  grain structure was  columnar and the  sur face  
texture w a s  similar t o  tha t  of unalloyed tungsten 
depos i t s .  Almost 100% of t h e  metal conten t  of 
the  metered fluorides were recovered in t h e  de- 
posits.  

shee t  material for measurement of mechanical 
properties. Tubular mandrels of square ,  pentagonal,  
and octagonal c r o s s  sec t ions  were used  so tha t  
the  f la t  s ec t ions  could b e  separa ted  into ?4-in.- 
wide s t r ip s  after deposition. However, depos i t s  
prepared under conditions su i tab le  for ?'-in.-ID 
mandrels always had a nodular grain structure with 
a s soc ia t ed  porosity and rough su r face  textures.  
In addition, a l loys  prepared in t h e  la rges t  mandrel 
(2-in. OD, octagonal c r o s s  section) a lways  con- 
tained subs tan t ia l ly  l e s s  than the  intended 5 or 
25% R e  content. Thus ,  deposit ion conditions 
could not be  translated to  the three  different 
mandrel geometries and had to  b e  redetermined. 

Deposit ion temperatures were decreased  while 
we maintained the  H,/(WF, + ReF,) ratio of 15 
and pressure  of 5 torrs i n  tubular mandrels having 
approximately t h e  same sur face  a reas  as  octagonal 
mandrels to b e  used  for shee t  material. Nodular 
depos i t s  were s t i l l  obtained a t  75OoC, but a l loys  
depos i ted  at  65OOC had a smooth sur face  texture,  
a d e n s e  columnar grain structure,  and uniform com- 
position. T h e s e  r e su l t s  ind ica te  tha t  conditions 
that produce uniform composition in alloy depos i t s  
a r e  sens i t i ve  to  mandrel geometry and ,  until t h e  
codeposit ion process  is be t te r  understood, must 
b e  determined for each  case. Sheet material is 
presently be ing  depos i ted  under the  optimum con- 
dit ions determined in  th i s  study. 

A study of t he  A15-type structure occurring in  
CVD tungsten-rhenium a l loys  was  completed,  and 
the  r e su l t s  have  been reported.' An A15-type 
phase  in  CVD tungsten-rhenium a l loys  w a s  identi- 
f ied  by x-ray diffraction, metallography, and hard- 
n e s s  measurements. T h e  composition range of t h i s  
A15-type phase  varied with temperature but was  
near W,Re. 

In the temperature range  investigated,  1000 to 
15OO0C, t h e  phase  occurred a lone  or coexis ted  

W e  next tried to scale up the  process  to  prepare 

'5. I. Federer and J. E. Spruiell, "Formation and 
Characterization of an A15-Type Structure in Chemical 
Vapor Deposited Tungster-Rhenium Alloys, " pp. 443- 
58 in Proceedings of the Conference on Chemical 
Vapor Deposition of Refractory Metals, Alloys, a n d  
Compounds, ed. by A. C. Schaffhauser, American Nu- 
c lear  Society, Hinsdale,  Ill., 1967. 
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with t h e  tungsten-rich terminal so l id  solution (p) 
or with sigma phase  (cJ). Because  t h e  phase  was  
about four times as  hard as t h e  p phase ,  a l loys  
containing the  phase  as a major consti tuent would 
have  limited usefu lness .  Transformation to  p or 
P + CT during long-time annea ls  at  deposit ion tem- 
peratures showed that t h e  phase  was metastable.  
Thus ,  t h e  A15-type phase  would not b e  expec ted  
to form in ,G or + GJ a l loys  subjec ted  to se rv ice  
a t  e leva ted  temperatures. 

PHYSICAL METALLURGY OF CVD TUNGSTEN 

T h e  production of tungsten by hydrogen reduc- 
tion of WF, h a s  many advantages,  and the  material 
h a s  properties which i n  many cases are  superior 
t o  those  of unworked or recrystall ized tungs ten  
produced by other methods. However, CVD tung- 
s t e n  containing relatively high leve ls  of fluorine 
impurities swe l l s  on annealing at high tempera- 
tu res  due to  internal g a s  bubble formation and 
growth. Extens ive  void growth leading to  premature 
fracture is encountered when t h i s  material is 
tes ted  under s t r e s s  a t  high temperatures. 

T h i s  phase  of the  program h a s  included s tud ie s  
of t he  formation and growth of g a s  bubbles by 
electron microscopy and other techniques in  an  
effort t o  provide a better understanding of t h e  be- 
havior and effect of bubbles on t h e  properties of 
CVD tungsten. T h e  work h a s  involved s tud ie s  of 
many other metallurgical properties, s u c h  a s  the  
as-deposited grain structure,  hardness,  deforma- 
tion behavior,  ducti l i ty,  and the  grain s tab i l i ty  at 
high temperatures,  which also are related to  
fluorine impurities. 

Forination of Internal Gas Bubbles in 
CVD Tungsten 

A. C. Schaffhauser 

T h e  formation of g a s  bubbles  on annealing CVD 
tungsten is be ing  studied as a function of fluorine 
content and annealing treatment. As-deposited 
material containing < 1 t o  30 ppm F is fully dense ,  
and no bubbles or  precipitates can  b e  de tec ted  by 
electron microscopy. T h e  hardness inc reases  
linearly with fluorine concentration in  th i s  range. 
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However, at the  higher fluorine concentrations t h e  
hardness  drops significantly on annealing a t  
14OOOC. T h e  drop co inc ides  with the f i r s t  observa- 
tion of grain-boundary bubbles by e lec t ron  micros- 
copy. 
fluorine impurities precipitate as g a s  bubbles. 

broadening a r e  being measured to determine t h e  
nature and s t a t e  of t h e  fluorine impurities. T h e  
res i s t iv i ty  ratio is 127 for as-deposited samples  
containing 30 ppm F and 542 for samples  contain- 
ing 6 ppm F. T h e  x-ray diffraction l ine width, 
which is a measure of the  inhomogeneous micro- 
s t ra in  in  the  material, was  halved when samples  
containing 20 ppm F were annealed at  1400OC. 
T h e s e  resu l t s  show that t h e  fluorine impurities 
a re  either clustered in  solution or ex i s t  as  ex- 

T h e  annealing behavior ind ica tes  tha t  t h e  

Elec t r ica l  resist ivity and x-ray diffraction l i ne  

tremely f ine  g a s e o u s  or so l id  prec ip i ta tes  i n  
as-deposited material. 

Growth of Grain-Boundary Gas Bubbles 
CVD Tungsten 9 

K. Farrell  J. T. Houston 
A. C. Schaffhauser 

t h e  

in  

T h e  growth of grain-boundary gas bubbles  de- 
veloped on  hea t ing  tungs ten  deposited from WF, 
w a s  studied as  a function of annealing time and 
temperature and fluorine content.  Measurements 
of the  s i z e  and number of bubbles  were obtained 
by quantitative electron fractography. In material 
containing 25 ppm F, bubbles were found on the  
boundaries for annealing temperatures as  low as 
145OoC, but a t  t h e s e  temperatures t h e  distribution 
of the  bubbles w a s  highly heterogeneous. Size- 
frequency histograms were plotted for bubbles 
in specimens annealed a t  temperatures between 
1600 and 2500°C. Bubble growth w a s  continuous 
with time at  temperatures below 2200°C and w a s  
accelerated a t  higher temperatures. Some examples  
of grain boundary bubbles a re  shown in  F ig .  16.5. 

Bubble growth was  cons is ten t  with a coarsening  
process  caus ing  swelling. At temperatures of 
2000°C and below, t h e  grain-boundary bubbles  
coarsened solely at t h e  expense  of other grain- 
boundary bubbles. When t h e  temperature w a s  

'Abstracted from pp. 363-90 in  Proceedings of the 
Conference on Chemical Vapor Deposit ion of Refractory 
Metals, Alloys, and Compounds, ed. by A. C. Shaff- 
hauser, American Nuclear Society, Hinsdale,  Ill., 1967. 

raised to 22OO0C, more g a s  was  attracted to  t h e  
grain boundaries from within the  grains. T h i s  
phenomenon occurred early in  the  annealing treat- 
ment, but with increas ing  t ime further coarsening  
took p lace  by rearrangement of t h e  g a s  already in  
the  boundaries. At 250OOC bubble growth w a s  
rapid and was  a s s i s t ed  by an  influx of g a s  from 
within the  gra ins  and by bubbles  merging with 
each  other when they touched. 

not identified, t he  incidence of bubbles on t h e  
boundaries correlated well  with fluorine content 
and was  sens i t i ve  to  the  area of grain boundaries 
in t h e  spec imens .  T h e  to ta l  volume of bubbles  
was  shown by dens i ty  measurements t o  vary di- 
rectly with fluorine content.  

Although the gaseous  s p e c i e s  i n  the  bubbles w a s  

Mechanical  Behavior of CVD Tungsten 
a t  E levated Temperatures" 

H. E. McCoy J .  0. Steigler 

Many applications of CVD tungsten require that 
t he  material  b e  s t r e s sed  a t  e leva ted  temperatures.  
We have run creep-rupture t e s t s  at 1650 and 220OOC 
on t h i s  material and compared i t s  properties with 
those  of a typical hea t  of wrought powder-metal- 
lurgy-derived (PM) tungsten. '  At 165OoC, t h e  
CVD product exhibited lower fracture s t r a ins  and 
a lower minimum creep  rate.  At high s t r e s s e s  t h e  
rupture l ife w a s  shorter t han  that of the  PM material, 
but at low s t r e s s e s  the  rupture l i ves  were about 
equivalent. At 22OO0C the  minimum creep  r a t e  
was  higher and t h e  rupture l ife lower for t h e  CVD 
product. 

t ions  to  explain th i s  behavior. T h e  bubbles ob- 
served a t  grain boundaries on annealing t h e  CVD 
product grew dramatically on s t r e s s ing  at  e leva ted  
temperatures,  probably by stress-induced diffusion 
of vacancies .  Fa i lure  occurred when they  l inked 
up to  form cracks .  At low s t r e s s e s  the  bubbles 
expanded into s t a b l e  voids (Fig. 16.6), but above  
some cr i t ica l  s t r e s s  they grew indefinitely (F ig .  
16.7) and linked up (Fig. 16.8), c a u s i n g  premature 

We carried out ex tens ive  microstructural observa- 

"Abstract from pp. 391-435 in  Proceedings of the  
Conference on Chemical Vapor Deposit ion of Refractory 
Metals, Alloys,  a n d  Compounds, ed. by A. C. Shaff- 
hauser, American Nuclear Society, Hinsdale,  Ill., 1967. 

and Tungsten Alloys, ORNL-3992 (August 1966). 
1 1  H. E. McCoy, Creep-Rupture Propert ies  of Tungsten 

. 
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PHOTO 89418 

Fig.  16.5. E lec t ron  Fractographs Showing the E f fec t  of Heat  Treatment on Grain-Boundary Bubbles in  

C V D  Tungsten Conta in ing 25 ppm F. ( a )  100 hr, 160OOC; ( b )  10 hr, 2000°C; (c) 2 hr, 2200OC; (d )  10 hr, 
250OOC. 

Fig. 16.6. Gas Bubbles Expanded into Stable Vo ids  

in C V D  Tungsten Tested a t  165OoC and 4000 psi  for 

413 hr. 

Fig. 16.7. Unstable Voids in C V D  Tungsten Farmed 

from Gas Bubbles by T e s t i n g  a t  165OoC and 6000 p s i  

far 12.8 hr. 
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rupture. The columnar grain structure prevented 
ex tens ive  grain-boundary sliding, so much of t h e  
elongation observed arose  from formation of the  
voids. At 2200°C the  ra te  of void formation w a s  
high enough to  give the CVD product the  higher 
minimum creep  rate. 

Fig. 16.8. Voids Linking Up to Form Cracks in CVD 
Tungsten Tested at 1650°C and 6000 psi. 

E f fec t  of Fluorine Impurit ies on Some 
Metal lurgical  Properties of CVD Tungsten 

A. C. Schaffhauser R. L. Hees tand’  

Many of the  metallurgical properties of CVD 
tungsten a re  related to  t h e  fluorine impurities. I 3 , l 4  

T o  sys temat ica l ly  study these  relationships,  w e  
produced a s e r i e s  of depos i t s  having fluorine 
conten ts  in t h e  range of < 1 t o  30 ppm without 
significantly changing the  concentration of other 
impurities by careful control of deposit ion param- 
e te rs .  T h e  very-low-fluorine s amples were de- 
posited on  the  external sur face  of a mandrel a t  
6OOOC i n  a water-cooled chamber at a system 
pressure  of 10 torrs. 

T h e  gra ins  in  the  low-fluorine specimens were 
sl ightly l e s s  columnar than  in the  higher fluorine 

”Present  address,  Bat te l le  Memorial Insti tute,  

1 3  
Columbus, Ohio. 

A. C. Schaffhauser and R. L. Heestand, “Effect 
of Fluorine Impurities on the Grain Stability of Thermo- 
chemically Deposited Tungsten,” pp. 222-27 in 1966 
IEEE Conference Record of the Thermionic Conversion 
Spec ia l i s t  Conference Nov. 3 and  4 ,  1966, Houston, 
Texas,  Insti tute of Electrical  and Electronic Engineers,  
New York, 1966. 

Fluorine Content on the Properties of CVD Tungsten,” 
pp. 349-61 in Proceedings of the Conference on Chemi- 
ca l  Vapor Deposit ion of Refractory Metals, Alloys, and  
Compounds, ed. by A. C. Schaffhauser, American Nu- 
c lear  Society, Hinsdale, Ill., 1967. 

14J. V. F e s t a  and J. C. Danko, “Some Effec ts  of  

PHOTO 89119 

Fig. 16.9. Effect of Fluorine Content on Microstructures of CVD Tungsten After Annealing 1 hr at 2500°C. 
Etchant: NH40H + H202. 200~. (a) ( 1  pprn F; ( b )  6 to 7 ppm F; (c) 30 to 31 pprn F. 

. 



89 

I .  

. 

deposits.  The  amount of preferred [loo] orienta- 
tion decreased  from about 80 times that correspond- 
ing t o  a random distribution for t he  samples  con- 
taining 20  to 30 ppm F to  6 t imes  random for t h e  
sample  with less than 1 ppm F. The  hardness  of 
the  as-deposited samples  increased linearly from 
380 to  470 DPH with increasing fluorine content. 
A large dec rease  in hardness  of the higher fluorine 
samples  w a s  observed on annealing a t  14OO0C, 
and after annealing a t  25OOOC all material had a 
hardness  of 350 t o  360 DPH, independent of 
fluorine content. No cons is ten t  change in fluorine 
content on annealing was  observed. 

T h e  ductile-to-brittle transit ion temperature 
(DBTT) (90° bend for 4 T  punch radius a t  O.l-in./ 
min deflection ra te )  of as-deposited specimens 
containing 5 and 25 ppm F was  250 and 4OOOC 
respectively.  Heat  treatment between 1000 and 
20OO0C lowered the  DBTT to  185 t o  225OC. Higher 
annealing temperatures for t he  high-fluorine samples  
produced large g a s  bubbles, which covered a 
large fraction of the  grain-boundary a rea  and thus  
reduced t h e  fracture area and raised t h e  DBTT. 

T h e  relationship between fluorine content,  g a s  
bubble dens i ty ,  and high-temperature grain s tab i l i ty  
for samples  annealed 1 hr at 25OOOC is clearly 
shown in Fig.  16.9. Grain-boundary g a s  bubbles 
a re  obviously effective in s tab i l iz ing  the  columnar 
grain structure of depos i t s  containing approxi- 
mately 20 ppm F or greater t o  temperatures as  
high as  25OOOC. Small grain-boundary bubbles 
formed at  1800°C, which c a n  be  observed only by 
electron microscopy, also s tab i l ize  the  grain 
structure, as  i s  desirable for some applications.  

CREEP-RUPTURE PROPERTIES OF W-25% Re 

R. L. Stephenson 

W e  are studying the creep-rupture properties of 
W-25% R e  to  provide a comparison between arc- 
melting and powder-metallurgy processing. W e  
made comparison t e s t s  on one  lot of each  of t h e s e  
materials,  which had been similarly processed  a t  
the  Albany Metallurgy Research Center,  Bureau of 
Mines. T h e  s t r e s s  t o  produce rupture in  1000 hr 
for both materials is compared with that of tung- 
s t e n  alloys previously reported in  Fig.  15.1. In 
most c a s e s ,  both are weaker than  the  other tung- 
s t e n  a l loys  previously studied. 

T h e  cont ras t  between the  arc-melted and t h e  
powder-metallurgy W-25% Re  i s  more apparent 
when t h e  c reep  curves  are compared on a linear 
time scale. F igure  16.10 shows creep  curves  for 
a short-time and a long-time creep  t e s t  at 165OOC 
for each  material. The  inferior ducti l i ty and 
rupture l ife of t he  powder-metallurgy material a r e  
apparent. Similar curves  a re  compared for t h e  
22OO0C t e s t  temperature in Fig.  16.11. Although 
the  disparity in rupture l ife is not as great,  t h e  
rupture ducti l i ty of the powder-derived material at  
long t imes  is spectacularly low. 

t ion of s t r e s s  for both materials in Fig.  16.12. 
The  resu l t s  for t he  powder material ind ica te  that 
over the  range of s t r e s s  studied the  165OOC curve 
h a s  a s teeper  s lope  than the  220OOC curve. How- 
ever,  t h e  c reep  rate a t  1650°C can  b e  reduced by 

T h e  secondary creep ra tes  are plotted as  a func- 

140 r 
ORNL-DWG 67-6748 

7 7 

TIME (hr) 

Fig. 16.10. Creep Properties of W - 2 5 %  R e  at 165OOC. 
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Fig. 16.11. Creep Properties o f  W - 2 5 %  R e  a t  2 2 O O O C .  
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annealing 1 hr a t  220OOC prior to testing. Opti- 
cal and electron microscopy will  b e  used in  seek-  
ing explanations for t h e s e  observations.  

BEND YIELD STRESSES IN TUNGSTEN SHEET15 

K. Farrell  A. C. Schaffhauser 
J .  0. Steigler 

Recrystall ized tungsten s h e e t  t e s t ed  in bending 
a t  temperatures jus t  above the  ductile-to-brittle 
transit ion temperature d isp lays  marked discon- 
t inuit ies on the load-deflection curve,  which bear 
a striking resemblance t o  yield-point inflections. 
Their temperature dependences are the  same as 
those  reported for t ens i l e  yield s t r e s s e s  in tung- 
sten.  They a l so  show a strong dependence on 
grain s i z e  on a Hall-Petch type  plot. However, 
better relationships a r e  obtained by us ing  an  ex- 
ponent other than  ->2 or by breaking the  h 1 I 2  
curve into segments corresponding to  different 
parts of the grain-size-annealing-temperature 
curve. T h i s  sugges t s  that  t he  variation of yield 
s t r e s s  with grain s i z e  in t h e  tungs ten  shee t  de- 
pends t o  some extent on the  annealing treatments 
used  t o  produce t h e  grain sizes. The  yield-stress- 
annealing-temperature relationship probably re- 
f l ec t s  changes  in substructure,  impurity distribu- 
tion, or perhaps even impurity content. Thus ,  t he  
marked changes in yield s t r e s s  at the  lower anneal- 
ing temperatures a re  connected with the  sub- 
structural  changes  involved i n  recrystall ization. 

At intermediate annealing temperature t h e  yield 
s t r e s s  is relatively insens i t ive  to  temperature and 
may be  related t o  minor changes  in structure and  
impurity distributions.  T h e  e f fec t  of the  higher 
annealing temperatures is to  c a u s e  major rear- 
rangement and perhaps losses of impurities, both 
of which promote subs tan t ia l  grain growth. T h e  
matter of how much of the  dec rease  in yield s t r e s s  
during t h e s e  s t a g e s  is caused  by grain growth per 
se and how much is caused  by other internal 
changes  is as yet unresolved. 

TUNGSTEN WELDING DEVELOPMENT 

N. C. Cole  G. M. Slaughter 

The u s e  of tungs ten  and its a l loys  for very-high- 
temperature applications demands tha t  adequate  
joining techniques  b e  developed. Since a b a s i c  
understanding of the  welding metallurgy of tung- 
s t e n  is obviously necessary ,  we are  expanding 
the  joining investigations init iated previously. l 6  

T h e  scope  of our program inc ludes  the welding of 
powder-metallurgy, arc-cast ,  and CVD material as  
unalloyed tungsten,  W-5 at. % Re,  W-26 at .  % Re,  
and W-25 at. % Re-30 at. % Mo in forms of 
shee t ,  plate,  and tubing. 

hardness  of weld metal  depos i ted  with W-26% R e  
filler wire is significantly greater than tha t  de- 
posited with unalloyed tungsten (425 v s  350 DPH). 
In general ,  l e s s  porosity occurs  in t h e  welds made 
with W-26% R e  filler metal t han  i n  t hose  made with 
unalloyed tungsten. We assumed that t h i s  differ- 
e n c e  in  porosity r e l a t e s  in part to d i f fe rences  in 
purity of the  two commercial filler wires. Poros i ty  
t ends  to  b e  espec ia l ly  prevalent along the  fusion 
l ine of t he  welds in unalloyed tungsten b a s e  metal, 
as  shown in  Fig.  16.13. 

Less grain growth occurred in  t h e  weld heat-  
a f fec ted  zone when tungsten-rhenium filler metal  
was  used  than when unalloyed tungsten was  used. 
T h i s  is probably because  of t h e  lower temperature 
required for welding. 

To determine the  effect  of preheat on t h e  weld- 
ing parameters and metallurgical properties of t h e  
welded material ,  we built  a n  apparatus incorporat- 
ing cartridge hea ters  in a copper ch i l l  block. We 
ascer ta ined  that a preheat of 54OOC will  prevent 

Bead-on-plate s tud ie s  showed that t h e  as-welded 

''Summary of J .  Less-Common Metals 13(5), 548-58 
(1967). 

6R. G. Gilliland, Joining of Tungsten, ORNL-TM- 
1606 (October 1966). 
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Fig.  16.13. Una l l oyed  Tungsten Welded w i th  Una l l oy  

Tungsten F i l l e r  Metal. 7 5 ~ .  Etchant :  N H 4 0 H  and 

H 2 0 2 .  Reduced 32%. 

cracking during t h e  butt welding of k,-in.-thick 
unalloyed tungs ten  shee t ,  and we a r e  now de- 
termining i f  a lower temperature will  b e  sufficient.  

W e  a r e  also determining the  feas ib i l i ty  of fabri- 
cating t e s t  components from tungs ten  and tung- 
s t e n  alloys.  A demonstration assembly simulating 
a corrosion loop was  successfu l ly  welded and is 
shown in Fig.  16.14. It w a s  constructed from 
small-diameter thin-walled (0.275-in.-OD x 0.035- 
in.-wall) chemically vapor deposited (CVD) tung- 
s t e n  tubing. It w a s  welded manually in  a chamber 
under a high-purity inert-gas atmosphere with W-25 
at .  % R e  fil ler  metal. Nondestructive inspection 
revealed t h e  welds  t o  b e  helium leak-tight and 
crack-free. 

Metallographic examination of t hese  prototype 
welds revealed tha t  they had complete penetra- 
tion, no c racks ,  and only a smal l  amount of fine 
porosity. Figure 16.15 shows the difference in 
grain growth exhibited by the two tungsten tubes.  

ed 

Fig. 16.15. Prototype Weld Between CVD Tungsten 

Tubes. N o  cracks and only  very f ine  poros i ty  can be 

seen. The d i f ference i n  grain growth exh ib i t ed  by the  

two d i f f e ren t  tubes i s  evident. 20X. Etchant :  NH40H 
and H202. 

Fig. 16.14. Demonstrat ion Loop  Fabr i ca ted  by Bend- 

ing and Welding CVD Tungsten Tubing. 
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In the  bottom tube, the  grains grew very l i t t l e  a s  
compared t o  the  one large grain of t h e  ver t ica l  
tube. Others13 have found that the  amount of 
grain growth depends upon the amount of impurities 
(primarily fluorine) present in the  tungsten. Since 
the  porosity shown is along the fusion interface 
of the  fine-grained tungsten tube, t h i s  observation 
has  been attributed to  differences in fluorine con- 
tent of t he  two sec t ions  of tubing. 

PHYSICAL PROPERTIES OF TUNGSTEN 
AND TUNGSTEN ALLOYS 

N. D. Woodall" J. P. Moore 
D. L. McElroy 

smoothed va lues  a re  given in Tab le  16.1. T h e s e  
resu l t s  were treated by severa l  methods to  obtain 
the temperature dependence of the Lorenz number, 
needed for calculating the  electronic thermal con- 
ductivity of tungsten. T h e  ca lcu la ted  Lorenz 
va lues  were less than the  Sommerfeld limit a t  very 
low temperatures but greater above about  200OK. 
The  temperature dependence of the e lec t r ica l  
resist ivity of the thoriated tungsten is s teeper  
than tha t  of electron-beam-melted tungsten,  which 
i s  similar t o  the behavior observed in sintered 
aluminum products containing dispersed oxide 
phases.  The  e lec t r ica l  resist ivity of thoriated 
tungsten a t  a given temperature can b e  described 
by 1.044(pEBM + 0.094), where p,,, is the  
e lec t r ica l  resist ivity of electron-beam-melted 

With the  absolute longitudinal heat flow ap- 
paratus we measured accurately the  thermal con- 
ductivity (52%) and e lec t r ica l  resist ivity (t_O.S%) 
of four tungsten and tungsten alloy specimens in 

tungsten. 

the  range 77 t o  400°K (- 196 to 127OC), and 7c00p student from Auburn University. 

T a b l e  16.1. Thermal Conductivity and E lec t r ica l  Res is t iv i ty  of Tungsten and Tungsten Al loys 

Thermal Conductivity (w cm-l OC-') Electr ical  Resis t ivi ty  (phm-cm) 

Electron Electron 
99.98% Beam 99.98% Temper at ure 

(OK) (OC) Melted Pure  W-2% T h o ,  W-2% T a  Me,ted Pure  W-2% T h o ,  W-2% T a  
Beam 

Tungstena Tungstenb Tungstena Tungstenb 

100 -173 2.140 1.998 1.968 1.234 1.04 1.20 1.16 2.5' 

150 -123 1.963 1.878 1.857 1.297 2.14 2.30 2.29 3.64 

200 -73  1.893 1.816 1.780 1.328 3.24 3.40 3.44 4.75 

250 -23  1.859 1.768 1.712 1.345 4.34 4.49 4.59 5.87 

300 27 1.784 1.709 1.648 1.350 5.44 5.60 5.75 6.98 

350 77 1.672 1.634 1.587 1.348 6.54 6.70 6.91 8.10 

aVery high purity indicated by an e lec t r ica l  resist ivity ratio of 4900. 
bHot extruded from powder-metallurgy tungsten.  



. 

17. Alkali-Metal Corrosion 
J .  H. DeVan 

W.  

Auxiliary e lec t r ica l  or ion-propulsion require- 
ments for s p a c e  vehic les  necess i t a t e  power plants 
of high efficiency tha t  will  operate a t  high tem- 
peratures.  Nuclear power sys tems have  been pro- 
posed for t hese  applications in which a lka l i  metals 
transfer hea t  from the  reactor,  power a turbogener- 
ator,  and lubricate rotating components. Accord- 
ingly, we a re  studying the corrosion properties of 
candidate a lka l i  metals,  spec i f ica l ly  lithium and 
potassium, under conditions of in te res t  for s p a c e  
applications.  Because  of the  relatively high tem- 
peratures (> lOOO'C), the  s tud ie s  a re  largely con- 
cerned with refractory-metal container materials.  

COMPATIBILITY OF BOILING ALKALI 
METALS WITH REFRACTORY ALLOYS 

J .  R. DiStefano D. H. J ansen  
B. F le i sche r  

A program to investigate the  compatibility of 
refractory metals with boiling a lka l i  metals h a s  
been in progress us ing  refluxing capsu le s ,  natural- 
circulation loops, and forced-circulation loops.  
Tests a re  be ing  conducted at 1100 to 140OOC with 
durations ranging from 100  to  5000 hr. Materials 
under investigation include a l loys  based  on  nio- 
bium, tantalum, molybdenum, and tungsten.  

The  major part of our investigation of boiling 
and condensing conditions h a s  involved refluxing 
capsu le s  and natural-circulation loops.  Both types  
of t e s t s  incorporate inser t  spec imens  in  the  con- 
denser  s ec t ion  to provide quantitative da ta  on the  

'A. P. Fraas ,  Nucleonics 22(1), 72 (1964). 
'5. H. DeVan, J. R. DiStefano, and D. H. Jansen, 

Metals and Ceramics Div. Ann. Progr. Rept .  June 30, 
1966, ORNL-3970, pp. 176-77. 

of High-Temperature Materials 
A. P. Litman 

0. Harms 

rate of d isso lu t ive  a t tack .  To obtain a better s i m -  
ulation of boil ing circuitry we a r e  also operating 
engineering-scale pumped loops tha t  provide da ta  
on the  corrosion-erosion res i s tance  of potential  
nozzle and turbine blade materials. 

Tab le  17 .1  summarizes the  conditions and re- 
s u l t s  of t e s t s  conducted during the p a s t  year. 
These  t e s t s  have  effectively completed our study 
of developmental niobium- and  tantalum-base al- 
loys in potassium and have  brought t h e  cumulative 
operating time for refractory-metal-boiling-potas- 
sium sys t ems  to  over 90,000 hr. Examinations of 
these  sys t ems  showed almost negligible d isso lu-  
t ive  a t t ack  in e i ther  t he  boiler or condenser  re- 
gions a t  temperatures up t o  130OOC and for t imes 
as  long a s  5000 hr. 

Included in our experimental program th is  year  
was  a 3000-hr pumped loop (FCL-6) fabricated of 
Nb-1% Zr .  The  loop contained a TZM nozzle- 
blade t e s t  s ec t ion ,  which operated a t  an  llOO°C 
vapor in le t  temperature. Metallurgical examination 
is s t i l l  in progress,  but we have found that e a c h  
of three blade specimens showed a s l igh t  weight 
gain and a thin deposit .  Slight erosion damage 
was noted on the blade impingement a rea  ad jacent  
t o  the  low-quality (82%) high-velocity (3000 f t / s ec )  
nozzle.  The  other two blade spec imens ,  which 
were subjec ted  to much higher quali ty vapor, 
showed no ev idence  of a t tack  or erosion. Another 
pumped loop (FCL-8) of a similar des ign  is pres- 
ently operating. T h i s  loop, fabricated of D-43 and 
containing D-43 nozzle-blade spec imens ,  has  com- 
pleted 2000 hr at 120OOC test-section inlet  tem- 
perature. 

Future  s tudy  of refractory metals i n  potassium 
will  b e  directed toward tungsten-base a l loys  and 
toward the  role played by oxygen in the  corrosion 
of niobium and tantalum. 

93 
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T a b l e  17.1. Summary of Boil ing-Potassium-Refractory-Alloy Compat ib i l i ty  T e s t s  

T e s t  Condensing Weight Temperature 

(OC) Dura tion Rate  Change Resul t s  
Materia 1 a 

Insert Container Eoiler Condenser (hr) (g min-’ cm-2) (mg/cm2) 

Ref luxing Capsules 

5000 0.32 
5000 0.32 
5000 0.35 
5000 0.36 

-0.1 to -1.7 
-0.3 to  -1.6 
-0.3 to 1-1.5 
+0.6 t o  +1 .1  

T-111 T-111 1200 1180 

T Z  M TZM 1300 1250 

Nb-1% Zr Nb-1% Zr 1190 1170 
C-129Y C-129Y 1325 1250 

N o  evidence of a t tack  
No evidence of a t tack  
No evidence of a t tack  
‘“1 mil a t tack  on end 

of one insert 

Examination in progress 
T e s t  in progress 
T e s t  in progress 

W W 1315 1240 
Nb Nb 1200 
Nb-l%Zr Nb- l%Zr  1240 1210 

5000 0.33 
1500 0.31 
1100 0.30 

Natura I -Ci rc u lot i on 

3000 0.47 

Loops 

-0.4 to +2 .5  N o  attack. C and 0 pickup 
by loop material 

No attack. 0 pickup in 
loop material in a reas  of 
decarburization 

Loop being repaired 
T e s t  in progress 

T-111 T-111 1250 1040 

TZM D -43 1250 1040 3 000 0.35 + 0.3 

FS-85 FS-85 1250 750 

TZM TZM 1240 1160 
1200 0.26 

2 00 0.29 
+2 .5  to -23 

Forced-Circulotion Loops 

TZM Nb-1% Zr 1200 450 

D-43 D -43 1300 840 

3000 165 g/min 
b 280 g/min 

Examination in progress 
T e s t  in progress 

8Compositions of alloys identified here and in the text of this chapter by commercial names a re  l isted in 

bLoop has  completed 2000.hr of a scheduled 3000-hr tes t .  
Table 15.1. 

We are investigating mass transfer in thermal- 
convection loops,  which circulate lithium for 3000 
hr at maximum temperatures in the range 1200 to  
13OOOC. Weight changes  of inser t  spec imens  
placed end-to-end around the loop a re  recorded 
for all loop posit ions after the t e s t .  Operating 
conditions of t e s t s  completed or in progress during 
th i s  pas t  year are shown in Tab le  17.2. We are 
correlating the resu l t s  of a Nb-1% Zr  loop (TCL- 
5R), which operated at 13OO0C, with resu l t s  of 
earlier 120OOC loops 
hot-leg temperature on mass transfer rates. Figure 
17.1 compares the weight change profiles obtained 
for the  Nb-1% Z r  alloy a t  the two t e s t  tempera- 
tures. T h e  to ta l  amount of material los t  (0.4 g) in 

t o  eva lua te  the e f fec ts  of 

CORROSION OF REFRACTORY 
ALLOYS BY LITHIUM 

C. E. Sess ions  J. H. DeVan 
B. F le i sche r  

Interest  in lithium s tems from the attractive prop- 
e r t ies  of this metal a s  a heat-transfer fluid in high- 
performance nuclear reactor sys tems.  Refractory 
a l loys  based  on niobium, tantalum, tungsten,  or 
molybdenum have demonstrated low so lubi l i t i es  
in lithium, and, by virtue of their superior high- 
temperature strength,  appear  ideally su i ted  for 
containing lithium. Accordingly, we are  investi-  
gating the detailed corrosion behavior of refractory 
metals in lithium from the  standpoint of mass t rans-  
fer res i s tance  and the e f fec ts  of oxygen on grain- 
boundary penetration. 

3J. H. DeVan and C. E. Sess ions ,  “Mass Transfer 
of Niobium-Base Alloys in Flowing Nonisothermal 
Lithium,” Nucl .  A p p l .  3,  102-9 (February 1967). 
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Fig. 17.1. Comparison of Nb-1% Z r  Weight Change Profi les for 1200 and 13OO0C Li th ium Thermal Convection 

Loop Tests .  

T a b l e  17.2. Operating Condit ions for 3000-hr Thermal- 

Convection Loops Used to T e s t  Refractory 

Metals in L i th ium 

Temperature (OC) Lithium 

Alloy Maximum Minimum Flow 
Hot Cold Rate  

Loop 

Leg Leg ( f p d  

TCL-5R Nb-1% Zr 1315 1115 4.8 
TCL-6Ra T-222 1350 1150 5.0 

a ~ o o p  currently operating. 

the  130OOC t e s t  was  twice that l o s t  a t  12OOOC; 
however, t he  maximum weight loss at  130OOC was  
t en  times that in the  1200°C tes t .  Both loops 
showed a depletion of zirconium from hot-leg sur- 
f aces  and a n  enrichment of zirconium, primarily 
as  ZrN, a long  cold-leg su r faces .  For  the  maximum 
weight loss a rea ,  electron microprobe ana lyses  re- 
vealed depths of zirconium depletion 0.002 and 

0.007 in. in t h e  1200 and 130OOC loops,  respec- 
tively. Zirconium diffusion ra tes  a t  t h e s e  two 
temperatures, based  on the assumption of a con- 
s t an t  sur face  concentration, were ca lcu la ted  t o  b e  
3 .5  x and 6 x 10-12cm2/sec respectively.  
The  va lues  of diffusivity a t  t hese  temperatures 
agree  with published da ta  in  which short-circuiting 
along grain boundaries accounts  for t he  bulk of the 
material trans port. 

T h e s e  thermal-convection loop resu l t s  will  be  
supplemented by mass-transfer s tud ie s  under 
forced flow. We have  undertaken the  des ign ,  pump 
development, and construction of a T-111 alloy 
loop t o  operate a t  temperatures in the  range 1370 
to  165OOC. The  loop is being designed as a t e s t -  
bed sys t em t o  accommodate removable inser t  spec -  
imens and wi l l  operate with a maximum fluid 
velocity of 2 0  f t / s ec  a t  a flow rate of 6 gpm. Fol- 
lowing each  t e s t  s e r i e s ,  the heater and economizer 
s ec t ions  a long  with inser t  specimens will  b e  re- 
placed with various tantalum- and tungsten-base 
a l loys .  Preliminary to  th i s  pumped loop experi-  
ment, we conducted a se r i e s  of s t a t i c  capsu le  
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t e s t s  t o  eva lua te  the  e f fec t  of oxygen contamina- 
tion in T-111 and T-222 welds  during exposure 
to  lithium. Coupons of e a c h  a l loy  were doped with 
oxygen t o  approximately 500 ppm, welded in argon, 
and tes ted  in lithium a t  750 and  120OOC for 100 hr. 
No corrosion was  found within the weld bead of 
either alloy a t  t he  500 ppm 0 level;  however, inter- 
granular corrosion was  observed for both a l loys  in 
the b a s e  metal  away from the  heat-affected zone. 
Heat treatment a t  13OO0C, which precipitates oxy- 
gen as HfO,, effectively eliminated the  base-metal  
attack. 

EFFECT OF OXYGEN IN THE TANTALUM- 
POTASSIUM SYSTEM 

R. L. Klueh 

Our s tud ie s  of the role played by oxygen in  the  
corrosion of refractory metals by potassium have  
shifted from the  niobium-potassium system t o  the  
tantalum-potassium sys tem.  A s e r i e s  of s t a t i c  
capsule  tests a t  600, 800, and 1000°C h a s  been 
programmed t o  inves t iga te  (1) the  partitioning of 
oxygen between tantalum and potassium, (2) t h e  
dissolution of the  tantalum in potassium, (3) the  
formation of corrosion products, and (4) the ki- 
ne t ics  of t h e s e  processes .  Oxygen effects a re  
being investigated from the  standpoint of the  con-  
centration of oxygen in the  tantalum as well  a s  in 
the potassium. 

Preliminary resu l t s  for the Ta-0-K system a t  
600 and 80OoC have followed c lose ly  the patterns 
observed for the Nb-0-K sys tem.  That  i s ,  although 
the thermodynamic properties of the  known oxides 
of potassium and tantalum predict that  oxygen 
should be gettered from potassium by tantalum, 
the opposite is observed. In capsu le  t e s t s  a t  

6OO0C, tantalum specimens with 50 ppm 0 ex- 
posed t o  potassium containing 100 to 3300 ppm 0 
lost weight i n  proportion to the  oxygen content of 
the  potassium. After 500 hr, a l l  of the  tantalum 
specimens had lo s t  oxygen, irrespective of the  
oxygen leve l  of the  potassium. Studies a r e  now 
in progress to define the  chemical reactions by 
which both the  oxygen and tantalum enter  potas- 
sium. 

DETERMINATION OF OXYGEN 
IN ALKALI METALS 

J .  E. S t ra in4  J. H. DeVan 

A fast-neutron ac t iva t ion  ana lys i s  facil i ty w a s  
completed during the  p a s t  year t o  expedi te  t he  
ana lys i s  of oxygen in a lka l i  and refractory metals.  
However, operation of the system h a s  been ham- 
pered by debugging problems encountered f i r s t  
with the  counting equipment, subsequent ly  with 
the  sample vacuum sys tem,  and currently with 
the  palladium l e a k  valve within the  neutron gen- 
erator. T h e  la t te r  problem is assoc ia t ed  with 
the  leakage  of Freon  from the  insu la ted  acce ler -  
ator dome in to  the  valve.  The  c a u s e  of the  leak- 
age  was  located, and t h e  manufacturer of the  ac- 
celerator is send ing  a replacement va lve  and feed 
system t o  eliminate the problem. T h e  sample 
s topping  and unloading device  was  also redesigned 
to  reduce the travel time of the sample from irra- 
diation t o  counting posit ion.  A s e r i e s  of refrac- 
tory-metal spec imens  with carefully documented 
oxygen l eve l s  was  assembled to s t a t i s t i ca l ly  
eva lua te  the  accuracy  of the  present sys tem.  

4Analytical Chemistry Division. 



18. Nitride Fuels Development 

J. L. Scott  W. 0. Harms 

I 

' *  

Uranium mononitride cont inues to  show promise 
a s  a nuclear fuel for s p a c e  and fast breeder reac- 
tors because  of its excel lent  high-temperature 
s tabi l i ty ,  high densi ty ,  and high thermal conduc- 
tivity. T h e s e  features  permit i t s  operation in 
metal-clad elements a t  hea t  ra t ings surpass ing  
those at ta inable  with the more standard UO,. 
Unlike uranium monocarbide, its chief competitor 
in t h e s e  high-power appl icat ions,  uranium nitride 
is eas i ly  made stoichiometric,  thus  lessening  fuel- 
cladding interactions.  Also, s i n c e  UN h a s  a 
higher melting point (285OOC a t  2.5 atm N,) than 
UC (245OoC), nitride fuels  hold promise of ex-  
hibit ing better irradiation performance than the  
carbides.  

ment of the carbonitride concept.  A carbonitride 
fuel might offer significant advantages over e i ther  
pure carbide or nitride fuels  because  (1) the 
act ivi t ies  of the nitrogen and carbon could b e  
adjusted to  minimize fuel-cladding react ions,  (2) 
the stoichiometry,  with respect  to  e i ther  free 
carbon or free uranium, could be readily con- 
trolled, and (3) the  vapor pressure of nitrogen 
over such  a solution would be lower than over the 
pure nitride. T h i s  solid-solution material should 
a l so  be more economical to prepare than either 
pure carbide or nitride. 

appear to be particularly a t t ract ive as fuel for 
liquid-metal-cooled f a s t  breeder reactors.  Our 
s tudies  indicate that, for sodium- or helium-bonded 
s t a i n l e s s  steel fuel rods,  mixed nitride fuel offers 
a linear heat  rating a t  l e a s t  twice that of a mixed 
oxide fuel .  We are developing a faci l i ty  for prepar- 
ing and studying t h e s e  mixed uranium-plutonium 
nitrides and carbides.  

fundamental viewpoint and is being investigated 

A portion of our work is directed toward develop- 

Mixed uranium-plutonium nitrides or carbonitrides 

Uranium nitride is an interest ing material from a 

under the  Fundamental  Ceramics Research Program 
described in Par t  I, Chap. 7. In addition, a program 
is under way to  study the motion of injected helium 
gas  bubbles  in UN. 

POWDER SYNTHESIS A N D  P E L L E T  
F A B R I C A T I O N  

R. A. Potter  

Synthesis and Fabrication Equipment 

W e  placed in operation a new synthes is  rig and 
associated glove box system that h a s  greatly in- 
creased our production capabili ty for high-quality 
UN and its al loys,  The  powder synthes is  equip- 
ment, shown in Fig.  18.1, c o n s i s t s  of an Inconel 
retort heated by a res i s tance  furnace that is 
mounted on horizontal  t racks.  

The  retort is loaded with clean uranium metal 
within an argon-filled glove box, valved off, re- 
moved from the box, and connected to  the vacuum- 
gas header a t  the synthes is  s ta t ion.  T h e  furnace 
is then moved into posit ion,  the  synthes is  is made, 
and the retort is returned to the glove box for 
unloading. The  glove box system contains  a l l  
equipment necessary for pel le t  fabrication through 
the cold press ing  s t e p s ;  the UN powder is always 
exposed to  a purified argon atmosphere. Resul t s  
indicate tha t  with this  new se tup  we can  routinely 
produce a s interable  powder that contains  less 
than 400 ppm 0. 

Microstructural Variations in  Sintered UN 

We have often s e e n  regions of cannibal is t ic  grain 
growth in  our s intered specimens made from both 
commercial and our own powders. W e  believe that 
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Fig.  18.1. Uranium Ni t r ide  Synthesis Apparatus. T h e  furnace i s  retracted to  show the lnconel retort. 

these regions resul t  from t races  of uranium metal 
in the UN powder. During the nitriding s t e p  of the 
synthes is ,  the strongly exothermic reaction produces 
enough hea t  to f u s e  the very fine uranium powder 
in some areas .  T h i s  fused metal then r e s i s t s  
further nitridation. If we give the nitrided material 
an additional hydriding-dehydriding treatment, the  
free uranium is reactivated and is nitrided in  the 
subsequent  s tep .  No evidence of gross  micro- 
structural var ia t ions h a s  been observed on any 
materials prepared by th i s  new procedure. 

Preparation of Uranium Carbonitride 

We have begun to examine ways of preparing 
uranium carbonitride and have se lec ted  the reac- 
tion of graphite with UN for the ini t ia l  work. W e  
intimately mixed graphite flour and UN powder in  
the proportion necessary to  form U(C,. ,No. ,). 
P r e s s e d  pe l le t s  of the mixture were hea t  t reated 
to 210OOC under nitrogen p r e s s u r e s  calculated to  
yield the  desired composition as derived from the  

thermodynamic s t u d i e s  reported later in th i s  
chapter. X-ray diffraction ana lys i s  indicated tha t  
a homogeneous solut ion with the composition 
U(Co.,,No.73) was  obtained. Thus,  it appears  
that U(C,N) of a desired composition can  be 
obtained readily by th i s  procedure. 

Sintering Behavior of  Uranium Mononitride'  

R. A. Potter  V. D. FrCchette2 

The  effects of t i m e  and temperature on the f inal  
s t a g e s  of densification and grain growth of com- 
pacted UN powders were investigated.  Densifica- 
tion ra tes  were obtained over the temperature 
range 1600 to 2230OC. 

'Abstract of paper presented a t  the meeting of the 
American Ceramic Society, New York, May, 1966, and 
submitted for publication to the Bulletin of the American 
Ceramic Society. 

'Consultant from Sta te  University of New York College 
of Ceramics a t  Alfred University, Alfred. 



99 

Specimens of a typical commercial-grade pow- 
der - cold-pressed to  58% dens i ty ,  heated in  
vacuum to 1500°C i n  2 hr, and then heated to  
1900°C in  1 atm N, in  5 min - reached 90% 
density and a grain size of 7 p i n  1 hr. Speci- 
mens hea ted  in the  same manner to 223OOC and 
held for 1 hr reached 95% dens i ty  with a grain 
size of 16 p. Metallography showed only UN 
with minor amounts of UO,. Extended hea t  
treatment a t  2230°C w a s  attended by weight loss 
(30 mg/cm2 in 8 hr) and d isappearance  of UO, 
from the  sur face  zone. Analys is  of the  da ta  sug- 
ges t s  tha t  oxygen is los t  by a diffusion-controlled 
process.  

D I S T R I B U T I O N  OF SECOND-PHASE 
M A T E R I A L  IN U R A N I U M  N I T R I D E  

T. G. Godfrey J. M. Leitnaker 
R. A. Pot t e r  

A thermally s t a b l e  dispersion of very small 
second-phase par t ic les  might greatly enhance t h e  
irradiation performance of fue l s  through provision 
of nucleation and pinning s i t e s  for f i ss ion  gases .  
We a re  continuing our efforts to provide s u c h  a 
dispersion in UN through incorporation of either 
molybdenum or thorium dioxide. We a re  also 
developing procedures for electron microscopy 
of UN, the  primary method for s tudying  the  
morphology and distributions of the dispersions.  

Molybdenum in  Uranium Ni t r ide  

We have  previously d i scussed  resu l t s  obtained 
on heat-treated mixtures of molybdenum and UN, 
which sugges ted  that th i s  system might lead to a 
fine precipitate dispersion. Experiments on more 
homogeneous material prepared by nitriding arc- 
melted uranium-molybdenum a l loys  es tab l i shed  t h e  
solubility relationship depicted in Fig. 18.2. Room- 
temperature la t t ice  parameters of t h e  nitride- 
molybdenum samples  after t he  various hea t  treat- 
ments indicate that the solubili ty of molybdenum 
reached a maximum value a t  about 2350°C. Metal- 
lography revealed second-phase  molybdenum in  
all spec imens  sintered and annealed below 235OoC, 

3T. G. Godfrey, J .  M. Leitnaker,  and R. A. Potter, 
Metals and Ceramics Div.  Ann. Progr. Rep t .  J u n e  30, 
1966, ORNL-3970, pp. 92-93. 
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Fig. 18.2. Room-Temperature L o t t i c e  Parameters of 

UN-Molybdenum Specimens and a Pure UN Sample a s  a 

Function of H e a t  Treatment. 

although the  amount was  very small i n  the 0.1% Mo 
sample. T h i s  ind ica tes  tha t  the  solubili ty is 
somewhat less than 0.1% a t  2350OC. In samples  
hea t  treated above 2350°C, the  molybdenum ap- 
parently reacted with UN to form a uranium- 
molybdenum liquid phase ,  which removed molybdenum 
from solution. Thus ,  w e  f ee l  tha t  s in te r ing  at 
about 2300°C followed by an annealing a t  a lower 
temperature s h o w s  considerable promise of leading 
to the  des i red  f ine  dispersion of molybdenum 
precipitate par t ic les  in UN. 

Thorium Dioxide in Uranium Nitride 

We believe,  for reasons  s t a t ed  previously, that  
a su i tab le  dispersion of f ine  precipitate par t ic les  
of T h o ,  i n  UN is feas ib le .  We have now shown 
that a thorium-rich oxide phase  is indeed formed 
in s i t u  by internal oxidation of so l id  so lu t ions  of 
(LJ, Th)N synthes ized  from arc-melted alloys.  T h e  
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Fig.  18.3. Microstructure of (U-2% Th)N-5% U 0 2  
Sample Sintered a t  23OO0C, Showing Distribution of 

Gray Oxide Phase. A s  polished. 

UN-ThN system obeyed Vegard’s law a t  least up 
to 5% ThN. Oxygen is supplied by UO, intimately 
mixed with the  nitride powder. During the  s in te r ing  
process,  oxygen d i f fuses  into the  nitride phase  and 
preferentially r eac t s  with thorium to form a n  oxide 
within the  nitride matrix. Figure 18.3 i l lus t ra tes  
the type of very f ine  oxide par t ic les  that  we have 
observed in seve ra l  spec imens .  T h e  smal l  p la te le t s  
and par t ic les  of oxide seem to  be  crystallograph- 
ically oriented with respec t  to the  nitride sub- 
grains, sugges t ing  a degree of coherency between 
the two phases .  We a re  now investigating ways  of 
producing th i s  d i spersed  oxide phase  on a uniformly 
fine scale. 

E I ec tron M i  cro scopy 

We chose  to  prepare our e lec t ron  microscopy 
specimens by fracturing the  sample ,  shadowing 
the fresh sur face  with platinum, and replicating 
with evaporated carbon. W e  feel that t h i s  method 
is more l ikely t o  reveal the true nature of the  sam- 
ple than the  alternate technique of replicating a 
selectively e tched  sample prepared metallograph- 
ically. 

To avoid poss ib le  oxidation artifacts on the  
fresh fracture sur face  of th i s  pyrophoric material, 
we fracture the specimen while i t  is immersed in a 
volati le organic liquid, transfer it - still covered 
with liquid - t o  the  vacuum shadowing unit, re- 
move the  liquid under vacuum, and immediately 
shadow the specimen. 

T h e  very fragile and lacy  replica could b e  freed 
from the  specimen by repeatedly dipping the  s p e c -  
imen into hot 40% HNO,. T h i s  procedure elimi- 
na t e s  t h e  formation of large g a s  bubbles,  which 
tend to  fragment the replica. 

THERMODYNAMIC AND KINETIC STUDIES 

J .  M. Leitnaker 

Among the  parameters necessa ry  for t h e  des ign  
of reactor fuel sys t ems  a re  t h e  thermodynamic 
properties of the  individual cons t i tuents .  We a re  
determining t h e s e  thermodynamic properties of UN 
by severa l  different techniques  and a re  also inves- 
t igating so l id  so lu t ions  of UC and UN. Ultimately, 
th i s  work will lead to  s t u d i e s  on mixed uranium- 
plutonium nitrides and carbonitrides for advanced 
breeder reactor concepts .  

Equi l i  brium Nitrogen Pressures 
and Thermodynamic Properties o f  UN (ref. 4) 

H. Inouye J .  M. Leitnaker 

P r e s s u r e s  of nitrogen over UN(s) + U(2) were 
measured between 1300 and 150OOC by a n  equilibra- 
tion technique. Such measurements have now been 
made over a pressure  range of nearly 11 orders of 
magnitude and a temperature range of 1550OC. 
T h e s e  da t a ,  coupled with l i terature da ta ,  ind ica te  
that t he  hea t  of formation of UN, AH,0,8,f ,  is 
-69.6 k 1.0 kcal/mole. T h e  second and third l aw  
ca lcu la t ions  agree  satisfactorily.  

T h e  Idea l i ty  o f  the U C - U N  Solid Solution5 

J .  M. Le i tnaker  

W e  s tud ied  the  equilibrium of the  reaction of UC 
with nitrogen a t  temperatures from 1500 to 1900OC 

4Abstract  of paper submitted for publication to the 
Journal of the American Ceramic Society. 

5Abstract  of paper to b e  presented a t  the IAEA 
Symposium on Thermodynamics of Nuclear Materials 
with Emphasis  on Solution Systems, Vienna, Austria, 
Sept. 4-8, 1967. 
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to determine t h e  thermodynamic properties of the  
UC-UN sol id  solution and ,  us ing  the  known prop- 
e r t ies  of UC, to obtain AH:,,,f of UN. By assum- 
ing Vegard’s law, w e  found AH” of UN to  be  
-70.4 5 0.9 kcal/mole over a wide nitrogen pres- 
sure  range corresponding t o  0.3 to 0.9 mole frac- 
tion UN. T h i s  va lue  compares well with the  
-69.6 k 1.0 kcal/mole obtained from examination 
of all vapor pressure  measurements on UN. We 
reason tha t  an  observed trend with temperature in 
AH:,, for the  reaction 

298.f 

1 
2 

UC(s) +-N,(g) e UN(s) + C(graphite) 

c 

is caused  by precipitation of carbon in a more 
ac t ive  s t a t e  (by approximately 0.6 kcal/mole a t  
1500°C) than graphite below 1700°C. Th i s  is 
substantiated by experiments in which UN w a s  
reacted with graphite. 

Kinet ics  of the Reaction o f  UC with Nitrogen 

J. M. Leitnaker T. G. Godfrey 
C. M. F i tzpa t r ick  

A s tudy  of the  kinetics of the  reaction of UC 
with nitrogen was  a necessary  part of the  equilib- 
rium UC-UN s tud ie s  described above  and was  of 
in te res t  in i t s  own right in view of the  poss ib le  
importance of uranium carbonitrides and the  ways 
of producing them. 

We found the reaction to b e  a two-stage process.  
In the  f i r s t  s t age ,  regardless of the  s ta r t ing  condi- 
t ions,  a singular carbon-rich U(C,N) composition 
was  reached very quickly. If w e  accept  idea l  
behavior of the UC-UN sol id  solution and assume 
that the  singular composition of U(C ,N) corresponds 
to the  one in equilibrium with graphite and UC,, we 
calculate for the  reaction 

UC(s) + 0.91C(graphite) s UC ., l(s) 

a AH:,, of 2.85 kcal/mole, which ag rees  well  with 
previous resu l t s  of the  thermodynamic ana lys i s  of 
the uranium-carbon system.‘ T h i s  supports t he  
assumption of ideali ty in the  UC-UN sys tem and 
indicates that  the  singular point [which is one 
apex of t h e  UC 2-U(C,N)-graphite composition 
triangle] is a “way s ta t ion”  in the  overall reac- 
tion. T h e  second s t a g e  of t he  reaction l eads  

ultimately t o  the  equilibrium composition for that  
temperature and pressure and is relatively s low.  

T h e  speed  of the  two-stage reaction is dictated 
by the  nature of the  s ta r t ing  materials,  as shown 
by Hanson; “aged” samples  reac t  significantly 
faster than d o  “fresh” samples .  W e  showed tha t  
th i s  ag ing  effect  c a n  b e  reversed: if a sample is 
heated i n  vacuum for a few minutes before nitrogen 
is admitted, the rate of reaction is remarkably 
slower. 

Analyt ical  Chemistry of Uranium 
Nitr ides and Carbides 

J. M. Leitnaker K. E.  Spear 
W. R. Laing’ 

Much of t he  work d i scussed  in  th i s  chapter 
demands accura te  and prec ise  chemical ana lys i s .  
It is generally recognized tha t  ana lyses  on ura- 
nium nitrides and carb ides  a r e  difficult  and often 
fraught with subt le  complications.  W e  found that 
some of t he  supposed problems a r i se  simply from 
sample handling and preparation s t eps .  However, 
a bas i c  problem may ex i s t  i n  the  ana lys i s  of free 
and combined carbon. We feel that th i s  may b e  
related to the  fac t  tha t  carbon, as  s t a t ed  in the  
UC-UN d i scuss ion  above, may b e  precipitated on 
a submicroscopic scale in a form tha t  is activated 
with respec t  t o  graphite. T h i s  supposit ion h a s  
profound implications with regard to much of the  
information in the  l i terature concerning carb ides  
in general. 

Thermodynamic Properties of Uranium Carbides’ 

J .  M. Leitnaker T. G. Godfrey 

Thermodynamic and phase  information relative 
to the  uranium-carbon sys t em was  analyzed and 
shown t o  b e  cons is ten t .  T h e  anomalously high 
heat capac i ty  of UC, is justif ied in  the  ana lys i s .  
Thermal functions a r e  calculated for UC and UC,, 
using a value of 0.6 cal mole- O K -  for S: of 
the dicarbide. Fo r  uranium, AH;,,,vap is c a l -  
culated to b e  123.7 k 1.3 kcal/mole. 

~ 

6J. M. Leitnaker and T. G. Godfrey, J .  Nucl. Mater. 

7L. A. Hanson, J .  Nucf. Mater. 19, 15 (1966). 

‘Analytical Chemistry Division. 
’Abstracted from J .  Nucf. Mater. 21, 175-89 (1967). 

21, 175-89 (1967). 
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An Explanation o f  the Anomalous H e a t  Capacity 
o f  Uranium Dicarbide" 

T. G. Godfrey J .  M. Leitnaker 

Published enthalpy da ta  on uranium dicarbide 
indicate a hea t  capac i ty  of 3 2  cal mole- 
a t  2000'K. Since th i s  value is considerably higher 
than one would expec t  for a triatomic so l id ,  i t  h a s  
been viewed with some suspic ion .  However, three 
l ines of ev idence  ind ica te  tha t  t he  measurements 
are of acceptab le  accuracy. F i r s t ,  metallographic 
evidence indicates that  a phase  change t akes  p lace  
over a range of temperature below approximately 
2000'K. Second, high-temperature x-ray diffraction 
da ta  ind ica te  an  unusual behavior in t h e  la t t ice  
parameters of the  dicarbide below 2000OK. Third,  
u se  of the  enthalpy measurements with other 
published information completes a thermodynamic 
cyc le  in the  uranium-carbide-oxygen system. A 
nonzero So". 

OK- 

is a reasonable assumption. 

Thermodynamic Functions o f  Nuclear Mater ials:  
UC, UC,, UO,, Tho,, and UN (ref. 11) 

T. G. Godfrey J. A. Woolley ' 
J .  M. Leitnaker 

T h e  thermodynamic functions,  H F  - H",,,, CE, 
S;, and ( F ;  - H ; 9 8 ) / T ,  of five compounds of 
nuclear in te res t  (UC, UC,, UO,, T h o , ,  and UN) 
were ca lcu la ted  from li terature da t a  and tabulated 
a t  increments of 100OC. Es t ima tes  of accuracy 
were included, and the  fit of the  original enthalpy 
da ta  t o  t h e  ca lcu la ted  curve w a s  shown graphically 
in each  case. 

"Abstracted from ORNL-TM-1595 (October 1966). 
"Abstracted from ORNL-TM-1596 Revised  (December 

"Summer employee, 1965. 
1966). 
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19. Dispersion in Solids 
J. P. Hammond 

I 

1 .  
1 

I 
4 
I 

T h e  purpose of th i s  program i s  t o  apply the  
principles of fine-particle dispersion hardening 
and whisker reinforcement to the  advancement of 
nuclear fuel, cladding, and structural  materials. 
Hard s t ab le  par t ic les  a re  used for obstructing d is -  
location flow’ in structural  materials and anchor- 
ing precipitated f i ss ion  g a s e s 2  in nuclear fuels. 
For optimum performance, par t ic les  should be  
around 0.03 p in s i z e  and spaced  0.1 to  0.3 p. apart. 

During the  pas t  year,  s tud ie s  were continued on 
dispersion hardening of thorium, and new efforts 
were begun on aluminum-base a l loys  and nickel- 
and cobalt-base superalloys.  Studies of controlled 
precipitation in uranium nitride a re  described in 
P a r t  11, Chap. 18 of t h i s  report. 

1 

DISPERSION HARDENING OF THORIUM 

, 

. 

J. P. Hammond 

T h e  permissible operating temperature and burnup 
potential  of thorium matrix fue ls  could be  improved 
by dispersion hardening. We examined a number 
of methods for introducing s t a b l e  f ine  d ispers ions  
in thorium; representative hot-hardness resu l t s  
are given in Tab le  19.1. Exce l len t  dispersion 
structures were achieved in thorium derived from 
the  fragile hydride ball-milled with ultrafine Tho, .  
Extruded rods of t h i s  material displayed3 good 
hardness  and strength a t  8OOOC. However, restrict-  
ing  carbon pickup and controlling the  final oxide 
content proved difficult. Tha t  carbon h a s  a. del- 

‘A. Kelly and R. B. Nicholson, “Precipitation 
Hardening,” p. 324 in Progress  in Materials Science,  
Vol. 10, The  MacMillan Company, New York, 1963. 

for Reactor Materials, AERE-R-4429 (October 1963). 
‘R. S. Barnes, A Theory of Swelling and Gas  Re lease  

eterious effect  on hardness  a t  800°C is seen. by 
comparing spec imens  5 and 3 of T a b l e  19.1 (and 
by inference 4 and 2). 

thorium prepared by t h e  SLIS technique4 a l s o  gave  
moderately good hardness  at  8OOOC (specimen 6). 
However, by f a r  t h e  b e s t  hardness  resu l t s  were 
obtained by a new internal-boronation process  de- 
v i sed  to  form a s t ab le  zirconium boride dispersion 
in thorium (specimens 7 and 8). 

In the  boronation process ,  a smal l  amount of 
separa ted  ’ ‘B isotope in the  form of 200-A soo t  
i s  blended into an  ultrafine powder of thorium con- 
taining 4.65% (10 at. %) Zr  in  solid solution. A s  
in t h e  case of the  Tho2-hardened material, t h e  
thorium is rendered f ine  by ball-milling i t  as hy- 
dride. Boron is then introduced and the  mixture 
consolidated and hot extruded in t h e  form of a rod. 
It will  b e  noted that the  boronated a l loys  picked 
up subs tan t ia l  carbon (t t o  l%), as did two of t h e  
Tho,-hardened specimens (Nos. 4 and S), from t h e  
hydrocarbon grinding liquid used in milling. How- 
ever,  t h e  boronated a l loys  showed twice the  hard- 
n e s s e s  a t  8OOOC of competitive alloys desp i t e  
carbon contamination. That  not carbon, but boron 
in conjunction with zirconium accounts  for the  
high hot hardness  w a s  proven by a supplemental  
experiment in which carbon was  introduced while 
boron was  excluded from the  thorium-zirconium 
alloy (specimen 9). Without boron, t hese  a l loys  
exhibited very low hot hardness.  

A fine dispersion of intermetallic UBe in 

J. P. Hammond, Metals and  Ceramics Div. Ann. 
Progr. Rept.  June 30, 1966, ORNL-3970, pp. 101-2. 

4Cons is t s  of quenching molten particles of an  alloy 
having a solute that is soluble in the liquid s t a t e  but 
insoluble in the so l id  s ta te .  Nuclear Metals, Inc. pre- 
pared Th--1.3% Be  alloy powder for us by this method. 
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T a b l e  19.1. Hot Hardness of Dispersion Hardened Thorium Al loys  

Chemical Analvsis 
Method of Additives (wt %) Hardnessb  (DPH) a t  

Hardeninga (wt %) 25°C 500°C 6OO0C 7OO0C 8OO0C 
Specimen 

B C 

1 

2 c  
3 =  
4d 
5d 

7' 

9g 

6e  

8' 

None 

T h o ,  embedment 
Tho, embedment 
T h o ,  embedment 
T h o ,  embedment 

SLIS 
Boronation 
Boronation 
Carburization 

None 85 30  22 15  

5 T h o ,  123  53  41 29 21  

5 T h o ,  326 126.5 68.5 23 7 

1 0  Tho, 1.05 296 91.5 60.5 21.5 5.5 

1 0  Tho ,  0.14 220 91 63  43 31 

1.3 Be 139 86 71 45 28 
4.65 Zr-0.54 B 0.43 427 129.5 9 2  70.5 74.5 
4.65 Zr--0.14 B 0.15 0.91 0.53 403 152 94 62 53 
4.65 Zr 0.77 280 88 33 16 10  

aThorium used to  prepare each  alloy was  from a calcium-reduced grade analyzing 99.8% Th ,  340 ppm C,  2000 ppm 

bEach value is an average of two measurements. 
'Fine dispersion was  prepared by dry ball-milling 0.03-/I T h o ,  with hydrided thorium in  ordinary mill, followed by 

dFine dispersion was  prepared by ball-milling 0.03-/I T h o ,  with hydrided thorium in a high-energy mill, followed 
The  high carbon content was  at- 

0, and 180 ppm N. 

vacuum hot pressing in  graphite a t  1000°C and extruding a t  90OoC. 

by dehydriding, cold pressing, vacuum sintering a t  8OO0C, and extruding a t  75OOC. 
tributed to  carbon picked up from a hydrocarbon grinding liquid used in ball-milling. 

Powders were consolidated by hot-upset-extrusion a t  60OoC. 

solution. The  alloy was  hydrided, ball-milled in a high-energy mill, and then dehydrided, and a 200-A boron soot was  
introduced by dry blending. 
bon content was  attributed to  carbon gained from a hydrocarbon grinding liquid used  in ball-milling. 

eFine dispersion is based  on the ThBe 

'Fine dispersion was  prepared by boronating a finely ground thorium alloy powder containing 4.65% Zr in solid 

intermetallic and was  prepared from powder made by the SLIS technique. 

Consolidation was  by vacuum sintering a t  800°C and extruding at  75OoC. The  high car- 

gProcessed  the  same a s  specimens 7 and 8 except that no boron was  added. 

DISPERSION HARDENING OF NICKEL- AND 
COBALT-BASE SUPERALLOYS BY 

INTERNAL 0x1 DATION 

J. P. Hammond J. Y .  Chang' 

Preliminary s t u d i e s  were undertaken t o  disper- 
s ion  harden heat-resist ing a l loys  by internal oxi- 
dation. Although previously only the  less cor- 
rosion-resistant a l loys  (i.e., t hose  lean  in addi t ives  
conferring sca l ing  res i s tance)  were hardenable by 
internal oxidation, now t h i s  mechanism may be  ex- 
ploited to boost t h e  high-temperature load-carrying 
capabi l i t i es  of nickel- and cobalt-base superalloys.  

Alloys patterned after Nichrome and Vitallium 
but containing approximately 7 at. % T h  as a n  
oxidizable additive were prepared as powders and 

5Noncitizen employee from Korea. 

successfu l ly  internally oxidized. T h e  powders 
were cold pressed  and s in te red  as l'/,-in.-diam 
pe l le t s  and then  worked by hot extrusion and 
swaging. 

A replica electron micrograph of the  internally 
oxidized Nichrome alloy is shown in  Fig.  19.1 and 
i l lus t ra tes  t he  f i n e n e s s  and uniformity of disper- 
s ion  obtainable a t  t h i s  s t a g e  of development. 
Tens i l e  t e s t s  conducted at  1095OC on the  internally 
oxidized Nichrome gave an  ultimate t ens i l e  s t rength  
of 11,000 ps i ,  which compares favorably with T.D. 
nickel. T h e  oxidation r e s i s t ances  of internally 
oxidized Nichrome and Vitallium a t  1095°C a r e  
compared in Tab le  19.2 with resu l t s  for unmodified 
Nichrome and Vitallium. T h e  a l loys  not only 
gained subs tan t ia l ly  less weight t han  their  c o m -  
mercial counterparts, but, equally important, t h e  
thin protective sur face  f i l m s  formed were very 
tenac ious  and res i s tan t  to thermal cycling. . 
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20. Fuel Element Fabrication Development 

G. M. Adamson, Jr .  

Our program is to dev i se  new fabrication tech- 
niques for fuel, cladding, and structural  materials 
and to improve t h e  performance of t h e s e  materials. 
Chemical vapor deposit ion of uranium dioxide, ura- 
nium nitride, and plutonium oxide  have been in- 
vestigated us ing  severa l  p rocesses .  T h i s  new 
approach appears  adaptable to fuel recycle as  well 
as  to preparation of in i t ia l  fuel charges.  The  chem- 
ica l  vapor deposit ion of tungsten-rhenium a l loys  
is reported in Pa r t  11, Chap. 16 of t h i s  report. 

W e  a re  seeking  new knowledge on aluminum-base 
fuel e lements  to inc rease  fuel loading, u t i l i ze  l e s s  
expens ive  fue ls ,  and gain a better a s su rance  that 
t he  prac t ice  of commercial fabricators will produce 
satisfactory fuel elements.  Investigations of the  
fue ls  for application t o  t h e  High F l u x  Isotope 
Reactor a re  reported in  Pa r t  IV, Chap. 32 of th i s  
report. 

a r e  too high to allow complete conversion of UF ,  
to a UO, product, s i n c e  condensable  intermediates 
such  as UO,F, and UF,  c a n  form. P rev ious  work 
a t  ORNL had demonstrated tha t  UF,  could  be  con- 
verted to  UO , i n  a one-step high-temperature low- 
pressure  hydrogen reduction. Furthermore, at 
sufficiently high temperatures the  reaction would 
occur away from t h e  deposit ion mandrel to form a 
f ine  powder product. F ina l ly ,  a self-start ing hy- 
drogen-fluorine flame was  s tab i l ized  a t  very low 
pressures .  T h e  combination of t h e s e  i d e a s  l ed  to 
t h e  present  appara tus  (see F ig .  20.1), which is 
constructed to simultaneously introduce H,, F , ,  
0,, and UF,  g a s e s  in to  a reaction chamber and to  
ca t ch  t h e  uranium oxide  product of t h e  result ing 
reaction. T h i s  may be  a high-rate economical 
route for reprocess ing  uranium fue l s  to f ine  ura- 
nium oxide  powder. 

T h e  preliminary exper ience  with the  p rocess  is 
most encouraging. T h e  appara tus  is very e a s y  to 
operate.  Moreover, nearly 100% of t h e  UF ,  was  
directly converted to a U,O, and UO, combination 
powder product i n  t h e  in i t ia l  th ree  runs. Optimi- 
za t ion  of experimental var iab les  is under way. 

CHEMICAL VAPOR DEPOSITION OF URANIUM 
OXIDE By THE FLAME REACTOR TECHNIQUE 

W. C. Robinson, Jr. F. H. Pa t te rson’  
W. R. Martin 

An apparatus for t he  direct  conversion of UF ,  to CONVERSION OF URANIUM CHLORIDES 
TO URANIUM DIOXIDE uranium oxide powder w a s  constructed and is be- 

ing  operated. T h e  reaction of hydrogen and fluo- 
rine h e a t s  t he  g a s e s  so  t h e  oxide  products precipi- 
t a t e  as  powder from t h e  g a s  phase  rather than form 

W. C. Robinson, Jr. F. H. Pa t t e r son’  
W. R. Martin 

a massive depos i t  on  a surface.  T h i s  “flame reac- 
tor” concept  is used  a t  ORGDP for t he  conversion 
of UF, to UF, and for production of refractory- 
metal powder. However, t h e  apparatus at ORGDP 
opera tes  a t  p ressures  of 0.5 atm and above, which 

Uranium chlor ides  a re  obta ined  from t h e  chlorine 
volati l ization p rocess  considered for recovery of 
Zircaloy-clad fuels.  We inves t iga ted2  t h e  feasi- 
bil i ty of converting t h e s e  gaseous  ch lor ides  to 

2 F. H. Patterson, W. C. Robinson, Jr.,  and C. F. 
Leitten,  Jr., Conversion of Uranium Chlorides to Urania 
by Gas-Phase  Reduction Hydrolysis,  ORNL-TM-1701 
(April 1967). 

1 Present  Address, Battelle Memorial Insti tute,  
Columbus, Ohio. 
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Fig.  20.1. F lame Reactor for Conversion of  UF6 to Urania. 

uranium oxide powder by reaction with hydrogen 
and water vapor. 

T h e  parameters investigated in t h e s e  feasibil i ty 
s tud ie s  included a temperature range of 660 to 
96OOC and pressures  of 1 to 6 torrs. T h e  uranium 
chloride was  successfu l ly  converted to microfine 
urania powder. T h i s  es tab l i shed  the  feasibil i ty 
of a simple conversion of t h e  product of the chlo- 
ride volatilization process  back to  usable  fuel 
material. 

FORMATION OF URANIUM NITRIDES 
BY CHEMICAL VAPOR DEPOSITION3 

W. C. Robinson, Jr. W. R. Martin 

We inves t iga ted3  the  feasibil i ty of us ing  an 
alkali-metal reductant to achieve products impos- 
s i b l e  to obtain with hydrogen. The  direct  gas- 
phase  reduction of UF,  to uranium metal according 

3Summarized from A Feas ib i l i t y  Study - Formation of 
Uranium Nitride Compounds Using Chemical Vapor Dep-  
osi t ion Techniques,  ORNL-TM-1812 (May 1967). 



Y- 75492 

-- ---3 .-.--- -.-- 
of the deposit ion parameters led to three different 
types  of BN product: milky white, chocolate  brown, 
and transparent.  Examples  of the  milky-white and 
transparent mater ia ls  a re  shown in Fig.  20.2. Fur- 
ther development of the t ransparent  material  is 
awaiting a spec i f ic  application. T h e  milky-white 
material is already being used  as par t  of a tung- 
sten-BN-tungsten coaxial  temperature probe. , 

to commerc i l l y  deposi 

mvironments. 2 . 5 ~ .  
!d material .  

'APOR DEPOSITION OF Sic 

son, Jr. 
t. L. Heestand '  

D. W. Short5 

iical vapor deposi t ion experi- 
t ed6  to determine t h e  feasibi l i ty  
stoichiometry and surface struc- 
bide deposi ts .  T h e  s i l icon  car- 
d by the  reduction of SiC1, in  t h e  
Zen and CH,. 
' temperature and proportions of 
2,  the  morphology and s toichi-  

trolled. P r e s s u r e  affected t h e  
d surface roughness  but had 
:omposition. Smooth coa t ings  
sn the depos i t  was rich in  sili- 
iments ind ica te  t h e  modifications 
particular compositions.  T h e  
of t h i s  invest igat ion a r e  being 

? thoroughly. If just i f ied,  a 
parametric s tudy will s e e k  condi t ions for produc- 
ing  product with optimum character is t ics .  

,R. L. Heestand and W. J. Leonard, Metals and Ceram- 
i c s  Div. Ann. Progr. Rept. June 30, 1966, ORNL-3970, 
p. 247. 

5~ummer employee. 
6D. W .  Short and R. L. Heestand, Chemical Vapor 

Deposition of Silicon Carbide (in preparation). 
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SWELLING OF UAI,-ALUMINUM COMPACTS' 

J. L. Gregg' R. S. Crouse 
W. J. Werner 

Satisfactory ATR-type fuel e lements  have been 
fabricated with UA1, fuel. However, during fabri- 
cation of t h e s e  elements,  swel l ing  of t he  cold- 
pressed  fuel compacts w a s  observed after degas-  
sing a t  590OC. 

Examination by low-magnification microscope, 
room-temperature and heating-stage metallography, 
and x-ray diffraction confirmed t h e  transformation 
of UA13 to UA1,. Very l i t t l e  volume change oc- 
cu r s  when UA13 converts to UA1, in an aluminum 
matrix, so the  swel l ing  was  thought to t ake  p l ace  
due  to fuel par t ic les  changing s h a p e  and forcing 
the  poorly bonded aluminum gra ins  apart .  T h i s  
s h a p e  change and wedging p rocess  was  actually 
observed as it happened in  a hea t ing-s tage  metal- 
lo gr ap h . 

FABRICATION DEVELOPMENT 

FUEL ELEMENTS9 
OF INSTRUMENT ED- P LAT E AT R 

J. H. Erwin W. J .  Werner 
M.  M.  Martin 

A procedure was  developed for fabricating spe- 
cial p l a t e s  to be  used  to determine the  e f f ec t s  of 
fuel channel blockage during start-up of the  ATR 
(Advanced T e s t  Reactor). T h e s e  fu l l - s ize  assem- 
b l i e s  a re  unique in that two p la t e s  and the  accorn- 
panying water channel a r e  combined into a s ingle  
p la te  for two pos i t ions  i n  an  element. T h i s  p l a t e  
conta ins  two normal-size co res  separa ted  by a 
thick aluminum center sec t ion  into which holes  a re  
drilled for thermocouples to b e  inserted.  Such 
p l a t e s  were prepared with both U,O, and UA1, as  
t h e  dispersion fuel. T h e  fabrication and assembly 
of instrumented fuel e lements  have been completed, 
and these  finished fuel e lements  have been trans- 
ferred to Idaho Nuclear Corp. 

Deviations from normal ATR fuel element proc- 
e s s i n g  comprise a so l id-s ta te  powder reaction to 

prepare stoichiometric UAl,, roll bonding of spli t-  
cored p la tes ,  and  maintaining the  p la te  i n  com- 
pression during marforming. During fabrication 
development, we observed noteworthy differences 
in  the fabricabili ty of U 0 - and UAl,-bearing 

3 .  8 p la t e s  of equivalent uranium loading and geometry. 
When compared to U,O,, t he  UAl,-aluminum dis -  
persion showed excess ive  growth in vacuum an- 
nea ls ,  s eve re  thickening or  "dog-boning'' near 
t h e  core ends ,  and separation of tandem cores  dur- 
ing  rolling. Typica l  measurements of both types  
of p l a t e s  a re  given in  Table  20.1. 

Table 20.1. Cross-Sectional Meosurernents 
of A T R  Duplex F u e l  P la tes  

Dimensions (in.) 

UA1, U30 ,  
Location of Measurement 

Intended dimensions 
Cladding 

Core 
Core separation 

Average plate dimensions 
excluding core and compact ends  

Top cladding 
Top core 
Core separation 
Bottom core 
Bottom cladding 

Average plate dimensions 
a t  core ends  

Top cladding 
Top core 
Core separation (extrapolation) 
Bottom core 
Bottom cladding 

Average plate dimensions 
a t  compact e n d s b  

Top cladding 
Top core 
Core separation (extrapolated) 
Bottom core 
Bottom cladding 

0.015 
0.020 
0.108 

0.01 5 
0.020 

0.108 

0.0145 0.0152 
0.0213 0.0209 
0.1061 0.1052 
0.0213 0.0212 
0.0148 0.0155 

0.0085 
0.0320a 
0.0910 
0.0365a 
0.0100 

0.0121 
0.0245 

0.1029 
0.0252 
0.01 33 

0.0155 
0.0232 
0.1025 
0.0216 
0.01 52 

0.01 55 
0.0210 
0.1045 
0.0220 
0.0150 

Abstracted from ORNL-4056 (January 1967). 7 

'Consultant from Come11 University. 
9 Summarized from report i n  preparation. 

%ate the increased  core thickness a t  the core ends.  
bThe fuel cores  were made from more than one com- 

pact;  these  locations are between the separa te  compacts. 
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POSTIRRADIATION EXAMINATION OF 240-g 
ORR FUEL ELEMENTS 

A. E. Richt  

Poten t ia l  s av ings  in fuel costs provide consid- 
e rab le  incentive to inc rease  the  fuel loading of t he  
ORR fuel elements from 200 to  240 g of 235U. To 
ascer ta in  whether t he  more heavily loaded e lements  
would perform sa t i s fac tor i ly  in serv ice ,  w e  fabri- 
ca ted  three 240-g fue l  e lements  specifically for 
irradiation t e s t s  in t h e  ORR. T h e s e  elements,  
de ta i l s  of which a re  shown in  Tab le  20.2, were 
irradiated a t  a p rocess  water temperature of 52OC 
to  an average burnup of 60% depletion of 235u 
(8.3 x l o z 1  f i ss ions /cm3)  with no  ind ica t ions  of 
failure. Two of t he  e lements ,  NL-24 and NL-3OS 
(A1-30% UA1, dispersion),  a r e  be ing  examined in 
the  hot ce l l s .  Examination of the  third element 
(NL-26) awai t s  further decay .  

of t h e s e  elements,  preliminary r e su l t s  ind ica te  
that both the  alloy and d ispers ion  fuel e lements  
performed qui te  sa t i s fac tor i ly  in  the  ORR even 
with the  increased  loadings.  Dimensional meas- 
urements showed that t h e  e lements  had not bowed, 
warped, or  twisted.  No evidence  of significant 
changes in the  width, height,  o r  coolant channel 
spac ings  of the  e lements  was  found. T h e  fuel 
p l a t e s  of both e lements  had increased  slightly in 
thickness.  T h e  inc rease  appeared t o  b e  directly 
proportional to burnup; however, a t  comparable 
burnup l eve l s ,  p l a t e s  fue led  with the  A1-22% U 
alloy cons is ten t ly  showed slightly greater thick- 
n e s s  inc reases  than the  p l a t e s  fueled with the  
A1-30% UAl, dispersion. At peak burnup areas 
(74% depletion of 2 3 5 U  or  10.2 x 10’’ fis- 
sions/crn ’), t h e  alloy-fueled p l a t e s  had increased  
approximately 0 .0025 in. in th ickness ,  compared 
to 0.0015 in. in t he  dispersion-fueled plates.  

Metallographic examination of sec t ions  from the  
irradiated e lements  indicated that changes in fuel- 
p la te  th ickness  were a resu l t  of the  combined ef- 
f ec t s  of fuel swel l ing  and t h e  buildup of a corro- 
sion-product film on t h e  fuel-plate sur faces ,  T h e  
greater th ickness  inc rease  in  the  alloy-fueled 

Although we have not completed t h e  examination 

Table  20.2. Detoils of O R R  240-g Irradiation 
T e s t  Fuel Elements 

Aluminum 
Element F u e l  Cladding 

Condition Alloy 

NL-24 AI-22% U alloy 1100 20% cold worked 

NL-26 A1-22% U alloy 6061 Ful ly  annealed 

NL-30s A1-307’0 UA1, 6061 Ful ly  annealed 
dispersion 

p l a t e s  c a n  b e  attributed partially to a thicker ox- 
i d e  film on t h e  su r faces  of t h e s e  fuel p la tes .  
However, our resu l t s  also indica te  tha t  t h e  alloy 
fuel swel led  slightly more than t h e  d ispers ion  
fuel a t  comparable burnup leve ls .  T h e  lower 
swel l ing  of t he  dispersion fuel appears  to b e  re- 
l a t ed  to the  porosity present  i n  the  UA13 par t ic les  
of t h e  as-fabricated fue l  plate.  During irradiation, 
swel l ing  of t h e  fuel par t ic les  is a t  l e a s t  partially 
accommodated by consumption of t h i s  porosity. 
T h i s  effect  is clearly shown i n  F ig .  20.3, where 
t h e  voids in  the  UA1, par t ic les  of t h e  as-fabricated 
fue l  p la te  have completely d isappeared  after irra- 
diation to a high burnup leve l .  The  a l loy  fuel,  
however, h a s  essent ia l ly  no pores  in  t h e  as-fabri- 
ca t ed  condition and thus  swel led  a t  t h e  normal 
rate during irradiation. 

Specimens cu t  from t h e  minimum and maximum 
burnup regions of t h e  fuel p l a t e s  were heat-treated 
to determine i f  t he  breakaway swel l ing  temperature 
of t he  two types  of fuel differed significantly.  A s  
shown in F ig .  20.4, t he  blistering temperature of 
t h e  UA1, dispersion fuel w a s  s l igh t ly  higher than 
tha t  of the  alloy. 

Although resu l t s  of t h i s  examination program in- 
d i ca t e  tha t  t he  UA1, d ispers ion  is s l igh t ly  more 
s t a b l e  than t h e  alloy, both types  of fuel appear to 
b e  quite sa t i s fac tory  for t h e  240-g ORR elements.  
Consequently se lec t ion  of the  fuel material for 
additional 240-g e lements  should  probably b e  
based  upon economic considerations.  

c 

. 
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Fig. 20.3. Typica l  Microstructure of  F u e l  P l a t e s  from the 240-9 ORR F u e l  Elements. ( a )  Unirradiated AI-30% 
UA13 dispersion; ( b )  AI-30% UA13 dispersion after  10.2 x lo2 '  fissions/cm3; ( c )  unirradiated AI-22% U al loy;  (d) 

AI-22% U a l l o y  after 10.2 x lo2' fissions/cm3. As polished. 1 0 0 ~ .  
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21. Mechanical Properties Research 
J. R. Weir, Jr. 

T h e  Mechanical Properties Research and Liquid 
Metals F a s t  Breeder Reactor Materials Develop- 
ment programs a re  very c lose ly  related,  and al- 
though the  support for the  programs is from differ- 
en t  AEC sources ,  both a re  reported here. T h e  
objec t ives  of the  programs are  (1) to  understand 
t h e  radiation damage to  the  mechanical properties 
of c ladding  and structural  materials and (2) t o  
develop modified a l loys  having improved r e s i s t ance  
t o  t h e  e f fec ts  of reactor irradiation. T h e  programs 
involve the  u s e  of t he  Oak Ridge Research Reactor, 
Cyclotrons a t  ORNL and ANL, the  Experimental 
Breeder Reactor 11, and potentially the  High Flux  
Isotope Reactor for irradiation testing. 

T h e  emphasis  of the  program h a s  been the  in- 
vestigation of the high-temperature radiation 
damage to aus ten i t ic  alloys.  We recognize that 
a t  high neutron flux in  f a s t  reac tors ,  displacement 
damage ef fec ts  may pers i s t  t o  higher temperatures 
than observed in thermal t e s t  reac tors  having lower 
neutron flux. 

i n  Pa r t  IV, Chaps.  2 9  and 34 ,  of t h i s  report. 
Similar work on nickel-base a l loys  is reported 

IN-REACTOR AND POSTIRRADIATION 
CREE P-RU PTURE PROPERTIES 

OF TYPE 304 STAINLESS STEEL’ 

E. E .  Bloom J .  R. Weir, Jr. 

T h e  creep-rupture properties of a commercial 
hea t  of type 304  s t a i n l e s s  s t e e l  were determined 
in  the  unirradiated condition and for irradiated 
specimens tes ted  both during and  af te r  irradiation. 
T h e  final anneal prior to t e s t ing  w a s  1 hr a t  1038OC 

‘Summary of paper presented a t  the American Nuclear 
Society, San Diego, Calif.,  June 11-15, 1967. 

and developed a grain size of ASTM 6 (average 
grain diameter of 45 p).  T e s t s  were performed a t  
65OOC and a t  s t r e s s e s  rangmg between 15,000 and 
35,000 psi .  In-reactor t e s t s  were conducted a t  a 
pools ide  posit ion of t he  Oak Ridge Research Reac- 
tor. T h e  thermal flux was  6 x 1013 neutrons c m P 2  
sec- ’ ,  and t h e  f a s t  flux (>2 .9  MeV) w a s  5 x 10” 
neutrons cm-’  sec- ’. Postirradiation t e s t s  were 
performed on specimens irradiated a t  65OOC to  a 
d o s e  of 2 x 10”  neutrons/cm’ (thermal) and 2 x 
10 neutrons/cm2 (> 2.9 Mev). 

No significant differences were observed be- 
tween resu l t s  of t e s t s  performed during or after 
irradiation. Ductility, as  measured by either elon- 
gation o r  reduction in  c ross -sec t iona l  area,  w a s  
reduced to very low va lues  by the  irradiation. Fo r  
t h e  s t r e s s e s  u s e d  in t h i s  investigation the  l o s s  of 
ducti l i ty became more severe  as  t h e  s t ra in  ra te  (or 
s t r e s s )  was  reduced. As  a consequence of t he  
lower ducti l i ty,  t he  rupture life of t h e  irradiated 
alloy was  reduced by a factor of 3 to  5. Creep 
r a t e s  for both in-reactor and postirradiation t e s t s  
were a factor of 2 to 5 higher than those  of t he  
unirradiated alloy. However, t h e  irradiated spec i -  
mens failed in t imes  approximately equal  to the  
t i m e  required for t h e  establishment of secondary 
c reep  in the  unirradiated alloy. Hence, we feel 
that t he  apparently higher c reep  ra tes  assoc ia ted  
with the  irradiated specimens were due  to  their  
failure while s t i l l  in t he  primary s t a g e  of creep. 

DEVELOPMENT OF ALLOYS WITH IMPROVED 

IRRADIATION EMBRITTLEMENT 
RESISTANCE TO E LEVATED-T EMPERATURE 

E. E .  Bloom J .  R. Weir, J r .  

T h e  effects of neutron irradiation upon the  me- 
chanica l  properties of the  aus ten i t ic  s t a i n l e s s  
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steels have  been extensively reported. At t e s t  
temperatures above approximately 6OO0C, irradi- 
ation affects the  ability of t he  alloy to  resist inter- 
granular fracture, and a s  a result  t he  ductility as 
measured in a t ens i l e  test and the  ducti l i ty and 
rupture life as measured in a uniaxial  creep-rupture 
t e s t  are severely reduced. T h e s e  e f f ec t s  a re  a 
result  of helium produced by (n ,a)  reactions during 
irradiation. Martin and Weir2 d i scussed  severa l  
poss ib le  so lu t ions  to  th i s  problem; among t h e s e  
was  the  addition of amall amounts of titanium to  
an alloy having the  nominal composition of type 
304 or type 304L s t a i n l e s s  steel. T h e  addition of 
approximately 0.2% Ti t o  s m a l l  laboratory h e a t s  
gave  significant i nc reases  in ducti l i ty for both 
the unirradiated and irradiated alloy. 

We have now obtained severa l  small (50 to  100 
lb) and one  moderately large (1500 lb) commercial 
h e a t s  of the  titanium-modified alloy t o  substanti-  
a t e  the  beneficial  effect of titanium and optimize 
the  properties with regard to  fabrication variables 
and preirradiation microstructures. 

In some cases the  alloy as received from t h e  
vendor contained a second phase ,  which h a s  been 
identified as ferrite and which resu l t s  from non- 
equilibrium freezing of the  ingot. In all ins tances ,  
however, t h i s  second phase  could b e  d isso lved  by 
a high-temperature (120OOC) anneal t o  produce a 
fully aus ten i t ic  structure.  No other problems have 
been encountered in  fabrication of t he  titanium- 
modified alloy. 

In the  unirradiated condition the  elevated-tem- 
perature tens i le  duc t i l i t i es  of the  modified alloy 
were significantly higher than those  exhibited by 
a standard type 304 s t a i n l e s s  s t ee l  having equiva- 
lent carbon content and grain s i ze .  Yield and ulti- 
mate tens i le  s t rengths  were approximately the  
same. Creep strength of the  modified alloy a t  
74OoC, in terms of both rupture life and minimum 
creep  rate, was  as  much as 5 to  10 times higher 
than those  of standard type  304 having equivalent 
pre tes t  hea t  treatment. Creep-rupture fractures 
of the  modified alloy were a mixture of transgranu- 
lar and intergranular, compared t o  the  completely 
intergranular fracture tha t  occurs  in the  unmodi- 
f ied alloy. 

The  Oak Ridge Research  Reactor  was  used to  
determine the  e f fec ts  of neutron irradiation upon 

W .  R. Martin and J. R. Weir, “Solutions to  the Prob- 2 

lems of High-Temperature Irradiation Embrittlement.” 
Paper presented a t  the Sixty-Ninth Annual Meeting 
ASTM, Atlantic City,  N.J., June 27, 1966, to be pub- 
l ished in the proceedings. 

the  properties of t he  modified alloy. Tens i l e  duc- 
t i l i ty was  reduced by irradiation; however, in all 
cases s tudied  i t  was  still much improved when 
compared to  standard type 304 o r  304L s t a i n l e s s  
steel irradiated under s imi la r  conditions.  Opti- 
mum postirradiation ducti l i ty i n  both tens i le  and 
creep-rupture t e s t s  was  achieved when a preirradi- 
ation anneal of 1 hr at 900 to  925OC was  used. 
F igure  21.1 shows the  postirradiation creep-rupture 
ducti l i ty of both the  standard and modified a l loys  
as a function of ca lcu la ted  helium concentration. 
Differences in ducti l i ty cannot  b e  attributed to  
grain s i z e  alone, s i n c e  the  ducti l i ty of t h e  stand- 
ard alloy having a comparable grain s i z e  f a l l s  far  
short  of tha t  exhibited by the  modified alloy. 

Resu l t s  of an investigation t o  determine the  ef- 
fects of preirradiation anneal ing temperature upon 
the  modified a l loys  are summarized in  Tab le  2 1.1. 
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Fig .  21.1. E f fec t  of He l ium on the Stress-Rupture 

Duct i l i ty  of  T y p e  304 and Modif ied 304L Stainless Steel 

Irradiated a t  50°C, T e s t e d  ot 704’C and 15,000 psi. 
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reached without fa i lure of  the specimen. 
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T a b l e  21.1. E f fec t  of Preirradiation Annealing Temperature, as  Reflected by the Grain Size, 

on Postirradiation Creep of T y p e  304 and Modified Stoinless Steels 

~ 

Rupture Reduction Atom Fraction 

(hr) (70) (%I (calculated) 
He 

ASTM Grain Temperature (OC) St ress  Creep Rate Life Elongation in Area Materiala 
Size No. Irradiation Test (psi)  (%/hr) 

304 S S  

304 SS 

M304 S S  

M304L S S  

M304L S S  

M304L S S  

M304L S S  

M304L SS 

M304L S S  

5-6 

5-6 

5-6 

4-5 

6 

7-8 

7 -8 

8 

9 

6.50 

650 

650 

650 

650 

650 

8 00 

650 

650 

650 

7 04 

7 04 

7 04 

7 04 

7 04 

7 04 

704 

7 04 

30,000 
25,000 
20,750 
17,000 
15,000 

20,000 

15,000 

15,000 

20,000 

15,000 
1 0,000 

15,000 
10,000 

15,000 
10,000 

15,000 
10,000 

15,000 
12,500 
10,000 

0.50 12.0 
0.139 24.4 
0.014 123.4 
0.006 314.4 
0.0018 956.9 

0.85 7 
0.098 67 

0.12 138.1 

2.3 10.3 

0.26 77.2 
0.00066 >1260 

0.68 31.2 
0.097 249.8 

0.61 37.0 
0.066 350.7 

0.63 42.5 
0.083 327.7 

0.38 58.3 
0.17 144.8 
0.0036 636.4 

8.4 
4.9 
2.9 
3.7 
2.8 

8 .5  
8.5 

26.6 

29.5 

25.8 
>12 

27.5 
40.0 

38.1 
46.7 

38.7 
45.4 

30.1 
32.5 
31.6 

9.1 
4.2 
4.0 
0.4 
0.2 

1.8 
0.7 

21.1 

28.5 

21.5 
>13 

26.9 
15.1 

30.4 
30.0 

41.2 
14.0 

25.5 
23.3 
31.2 

1 x 10K6 

2 x 

1 0  x 10K6 

10  x 

2 x 

1 0  x 

10 x 

2 x l o r 6  

2 x 

aM denotes modified alloy. 

T h e  ducti l i ty of irradiated type  304  s t a i n l e s s  s t e e l  
dec reases  to very low va lues  when the  rupture l ife 
is extended beyond 100 hr. In comparison, t he  
ducti l i ty of t h e  modified alloy remains a t  a rela- 
t ively high leve l  for rupture l i v e s  up to  1000 hr. 
In addition t h e s e  da t a  sugges t  tha t  for t hose  reac- 
tor applications in which the  somewhat lower c reep  
strength of the  fine-grain material cannot b e  toler- 
a ted ,  t he  u s e  of a coa r se  grain size will  give im-  
proved strength while maintaining adequate duc- 
tility. 

EFFECT OF CYCLOTRON-INJECTED HELIUM 
ON THE MECHANICAL PROPERTIES 

OF STAINLESS STEEL3 

R. T. King J. R. Weir, Jr .  

Direct experimental ev idence  w a s  obtained to 
support t he  hypothesis that  t r ace  amounts of helium 

c a u s e  a s e v e r e  nonrecoverable dec rease  i n  the  
high-temperature ducti l i ty of type  304  s t a in l e s s  
s t ee l .  Previously published indirect  ev idence  in- 
d ica ted  that helium produced by (n, a )  transmuta- 
t ions  in neutron-irradiated s t a i n l e s s  s t e e l  was  re- 
spons ib le  for observed ductil i ty losses in  tension 
and creep t e s t s .  

Helium w a s  in jec ted  into flat  t ens i l e  samples  by 
scanning  t h e  samples  through a beam of cyclotron- 
acce lera ted  a -par t ic les  whose energy was  period- 
icc l ly  degraded to  produce a uniform depos i t  of 
helium throughout t he  samples.  Samples of type  
304  s t a i n l e s s  s t e e l  containing and atom 
fraction of cyclotron-injected helium suffered 
losses of t ens i l e  ductility from 700 to  900°C, ac- 
companied by intergranular fracture. Samples ir- 

3Abstracted from paper to  b e  presented a t  the AIME 
Meeting, October 1967, Cleveland. 
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radiated in neutron fluxes to  produce the  same 
helium content by transmutations behaved simi- 
larly. T h e  other t ens i l e  properties of t h i s  material 
remained subs tan t ia l ly  unchanged regardless of 
the  source  of the  helium. Bombardment of samples  
with alpha par t ic les  having sufficient energy to  
p a s s  completely through t h e  samples  did not c a u s e  
the  drastic ductility l o s s ,  demonstrating that i t  is 
assoc ia ted  with t h e  presence  of helium. 

In contrast ,  a type 304L s t a i n l e s s  s t e e l  contain- 
ing a 0.2% T i  addition w a s  not affected as  severe ly  
a s  the  type 304 s t a i n l e s s  s t e e l  by cyclotron-in- 
jec ted  helium nor by transmutation-produced helium. 
T h e  beneficial  e f fec t  of titanium may b e  related to 
i t s  role in reducing t h e  tendency of s t a i n l e s s  s t e e l  
to fracture intergranularly. An a l te rna te  explana- 
tion is based  on the  observation that titanium 
a l te rs  t he  precipitate structure of s t a i n l e s s  s tee l .  
T h e  precipitate may trap helium and prevent t h e  
accumulation of la rge  concentrations of helium a t  
grain boundaries, where g a s  bubbles  have been 
observed to form. 

MEASUREMENT OF THE NUCLEAR HEATING 
RATE IN EBR-II 

E. E. Bloom A. F. Zulliger4 
J. R. Weir, Jr. 

An experiment h a s  been des igned  and constructed 
to measure the  ax ia l  distribution of nuclear heat-  

~ ~ ~ 

4General Engineering and Construction Division. 

ing  in  nonfissionable materials i n  Row 2 and Row 7 
pos i t ions  of t h e  EBR-11. T h e s e  pos i t ions  a r e  rep- 
resenta t ive  of t hose  to  b e  used  in ORNL materials 
irradiations.  Nuclear hea t  suscep to r s  will b e  
p laced  in the  cent ra l  pin of Mark B-7 subassem- 
b l ies .  T h e  g a s  composition, gap s i z e ,  and s u s -  
ceptor material were s e l e c t e d  on t h e  b a s i s  of hea t  
transfer ca lcu la t ions  performed on an IBM system 
360 computer. T h e  code  for determining susceptor  
temperature inc ludes  radial  hea t  transfer from t h e  
susceptor  by conduction and radiation and accounts  
for ax ia l  conduction losses through t h e  specimen 
and support pins.  Thermal conductivity,  susceptor  
dimensions,  and emiss iv i ty  va lues  as  a function of 
temperature a re  incorporated in to  the  program. 
Susceptors  were des igned  on  the  b a s i s  of published 
hea t  r a t e s  to produce susceptor  center-l ine temper- 
a tures  between 500 and 8OOOC. Melt wi res  having 
melting points over a range extending both above 
and below the  des ign  temperature to  cover the  
range of f50% of the  published hea t ing  rate were 
p laced  in e a c h  susceptor .  T h e  experiment will 
cons i s t  i n  bringing the  reactor t o  the  des i red  power 
leve l  and irradiating for approximately 24 hr. Pos t -  
irradiation examination will p l ace  the  ac tua l  oper- 
a t ing  temperature between a lower and an  upper 
va lue  (determined by which melt wi res  have 
melted). Then ca lcu la t ions  based  on  temperature 
and susceptor  dimensions will g ive  t h e  nuclear 
hea t ing  rate t o  +_lo%. T h e  r e su l t s  of t h i s  experi- 
ment will al low mechanical properties t e s t  spec i -  
mens to b e  irradiated within k25OC of t h e  des i red  
temperature when a susceptor  of similar design 
is used. 

. 



22. Nondestructive Test Development 

R. W. McClung 

T h i s  program is des igned  to  develop new and 
improved methods of examining reactor materials 
and components. To ach ieve  th i s  we study the  
pertinent physical  phenomena, develop instrumen- 
tation and other equipment, dev i se  application 
techniques,  and design and fabricate reference 
s tandards .  Among the  sub jec t s  being actively 
pursued a r e  electromagnetics (with major emphas is  
on eddy currents),  u l t rasonics ,  and penetrating 
radiation. 

ELECTROMAGNETIC TEST METHODS 

the  coil)  to study the  e f fec t  of ferrite toward shap-  
ing  the  electromagnetic field or vector potential. 
Since the  eddy-current dens i ty  is proportional to 
the  vector potential  in a conductor, t he  contours in 
F ig .  22.1 represent contours of cons tan t  eddy- 
current flow in  the  conductor with and without t h e  
u s e  of the  ferrite cup. T h e  response t o  ac tua l  de- 
fec ts  can  b e  related to  the  current intensity.  

Many induction problems other than eddy-current 
tes t ing  can  b e  ca lcu la ted  from t h e  vector potential  
solutions.  For example, electromagnetic forces 
may b e  ca lcu la ted ,  as  descr ibed  in one  of our re- 
cen t  reports, an  abs t rac t  for which appears  below. 

Relaxation averaging formulae are derived for magnetic C .  V. Dodd W. E. Deeds’  
induction problems involving axially symmetric fields 

We have  continued both ana ly t ica l  and empirical 
research concerning electromagnetic phenomena. A s  
a part of t he  program, w e  a r e  s tudying  the  mathemati- 
cal determination of the  vector potential  of a co i l  as  
a function of co i l  dimensions,  frequency, specimen 
e lec t r ica l  conductivity, and coil-to-specimen spac ing  
(lift-off). We now have  two different techniques to  
ca lcu la te  t h e  vector potential: (1) the  relaxation 
technique, which i s  very versa t i le  and can  b e  
applied to almost any  problem; and  (2) a closed- 
form solution, which h a s  the  potential  of being 
very accura te ,  T h e  closed-form solution h a s  been 
derived for only two general  cases: (1) the case 
of a coil above one  metal  c l ad  on another, and  
(2) the  case of a coil encircling a rod with one 
metal c l ad  on another. Once t h e  vector potential  
h a s  been determined, any physically observable  
electromagnetic induction phenomenon can  b e  cal- 

with sinusoidal or pulsed time dependence in  media that 
may be l inear or nonlinear, homogeneous or inhomoge- 

neous.  Solutions have been obtained from a high-speed 
digital  computer for time-harmonic fields in linear in- 
homogeneous media. From these  solutions,  the electro- 
magnetic forces a re  calculated and  compared with ex- 
perimental measurements. The  computed and measured 
values agreed quite well, and most of the discrepancy 
can be explained by the fac t  that  the permeability of the 
ferrite used  in the measurements was different from tha t  
assumed in the calculations . 

A paper was  prepared and presented describing 
the  application of t he  ana ly t ica l  solution to t h e  
design of eddy-current t e s t s .  
sen ted  below: 

The  abs t rac t  is pre- 

An analytical  solution of eddy-current coil  problems 

was sought in order to improve eddy-current tes t s .  A 

cu la ted  from i t .  W e  ca lcu la ted  the  vector Dotential 
’C. V. Dodd and W. E. Deeds,  Electromagnetic Forces  

3C. V. Dodd and W. E. Deeds.  “ComDuter Desien of 

of a coil above  a conducting p lane  for two condi- 
t ions (with and without a ferri te cup  surrounding 

in Conductors, ORNL-TM-1835 (May 1967). 

‘Consultant from the University of Tennessee .  

Y 

Eddy-Current Tes t s , ”  to be  published in the proceedings 
of the Fifth International Conference on Nondestructive 
Testing, Montreal, Canada, May 21-26, 1967. 
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We continued development of a portable phase- 
s ens i t i ve  eddy-current instrument and improved the  
temperature s tab i l i ty  of the  portable instrument and 
coils independently over a temperature range from 
- 17 to + 55OC. At 50 k c  the  temperature drift cor- 
responds to  a conductivity change of 0.3%/OC. T h e  
lift-off compensation c i rcu i t s  i n  the  instrument were 
also improved. At 500 k c  the  apparent conductivity 
change due  to  a variation in lift-off of 0 to 0.010 in.  
of a 0.200-in.-diam coil i s  +0.5%. 

With the  exce l len t  lift-off compensation we have 
been ab le  to u s e  smaller co i l s  and  have constructed 
coils as small  as  0.040 in. i n  diameter. T h e s e  
coils h a v e  a greater sens i t iv i ty  to small defec ts  and  
allow u s  to in spec t  small par t s  with less ef fec t  of 
curvature and proximity of the specimen edge. 

spac ing  probes for u s e  in hot cells. Sturdier probes 
were needed to  allow mechanical handling, and t h e  
longer lengths of cab le  required some electronic 
circuit  modifications. W e  buil t  a mold and cast the 
probes of both fiber g l a s s  and a flexible epoxy cov- 
ered with Teflon tape .  T h e  epoxy probes a r e  more 
flexible than fiber g l a s s ,  but t h e  Teflon tears  on a 
sharp  object.  T h e  fiber g l a s s  probe, being more 
rigid than the  epoxy probe, h a s  a much harder finish 
that can  b e  scra tched  but will  not tear.  

We modified the  bridge circuit  of the  Dermitron S O  

that  one  s i d e  of t h e  coil is at ground and  then used  
a s ing le  sh ie lded  cab le  to drive the  coil. T h i s  fea- 
ture reduced t h e  capac i tance  between the  “hot” 
lead  and ground and a l s o  reduced the  error due to 
capac i tance  change as t h e  probe w a s  inser ted  into 
the  coolant channel.  

We designed a s e r i e s  of new coolant-channel 

ULTRASONIC TEST METHODS 

K. V. Cook 
H.  L. Whaley 

L. S. Snyders4 
R. W. McClung 

We have continued our s tud ie s  on t h e  behavior of 
ultrasound in  thin sec t ions ;  t he  principal effort w a s  
an attempt to  correlate ultrasonic response  from 
electric-discharge-machined (EDM) notches ,  dri l led 
holes ,  and flat-bottomed ho le s  of various sizes. W e  

da ta  and i s  a collection of curves  relating the  inci-  
dent angle  to  the  number of dec ibe l s  insertion re- 
quired to ach ieve  cons tan t  amplitude for a 0.080-in.- 
thick s h e e t  of aluminum. T h e s e  curves  were gener- 
a ted  by u s e  of a 5-Mc lithium su l f a t e  transducer and 
a ‘4-i”. cone  collimator. 

countered in tubing inspection. A major problem is 
the establishment of rea l i s t ic  ultrasonic notch 
s tandards  for calibration. S ince  EDM appears  to b e  
a reliable method for making both inner- and outer- 
sur face  notches ,  w e  a r e  continuing our fabrication 
studies.’  A paper on th i s  sub jec t  h a s  been pub- 
l ished. 

We a r e  continuing to work on the  problems en- 

An abs t r ac t  is given below. 
Electro-discharge machining was  investigated for the  

preparation of art if icial  defec ts  in reference materials 

of plate,  shee t ,  bar, and tubing configurations. Difficul- 
t i es  were overcome in machining these  reference dis- 
continuities by developing reproducible methods of es tab-  
l ishing a start-of-cut position and by preshaping the 
cutting tool. Techniques were a l so  developed for meas- 
uring depths of notches,  us ing  replication methods and/or 
subsequent differential focusing techniques with a micro- 
scope. 
*O.OOOl in. of nominal depths and have been placed in 

tubing with an  inner diameter a s  smal l  a s  0.065 in. Cir- 
cumferential notches were machined within *lo% of 
nominal depths and have been placed in tubing with an 
inner diameter of 0.380 in. 

Longitudinal notches were machined within 

Since th i s  paper w a s  written, we have  increased  
our capabi l i t i es  for machining both longitudinal and 
t ransverse  notches  in  small-diameter tubing. Longi- 
tudinal no tches  c a n  now b e  p laced  in s ide  tubing 
with inner diameters as small as  0.050 in.  (depend- 
ing  on the  required notch depth). However, our pre- 
ci,sion and reproducibility for t h e s e  sma l l e s t  no tches  
a r e  sl ightly decreased .  Transverse  notches  can  now 
b e  machined in s ide  0.210-in.-ID tubing, and w e  feel 
that t he  limit will  b e  approximately 0.180 in. 

W e  prepared a paper7 summarizing our work with 
the  optical  sys t em descr ibed  previously. T h e  ab- 
s t r ac t  is presented below. 

5K. V. Cook, Metals and  Ceramics Div. Ann. Progr. 
Rept. June 30, 1966,  ORNL-3970, pp. 120-22. 

have  been working with two s h e e t  materials,  1100 
and type 304 stainless steel, for the ini-  

t i a l  s tud ies .  However, w e  intend to also correlate 
t h e  ultrasonic response  for similar discontinuities 
in small-diameter tubing. ~i~~~ 22.2 shows typical 

6K. V. Cook and R. W. McClung, “Electro-Discharge 
Machined Reference Discontinuities,” Mater. Eval .  
25(2), 36-40 (February 1967). 

H. L. Whaley, K. V. Cook, R. W. McClung, and L. S. 
Snyders, “Optical Methods for Studying Ultrasonic 
Propagation in Transparent Media,” to be  published in 
the proceedings of the Fifth International Conference on 
Nondestructive Tes t ing ,  Montreal, Canada, May 21-26, 

7 

4Visitor from South Africa. 1967. 
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F ig .  22.2. Response from Various Reference Discont inui t ies  in 0 .080- in . -Thick  Aluminum Sheet a s  o 

Function o f  Incident Angle  of Ultrasound. 

The schlieren and  photoelastic methods for viewing 
continuous and pulsed ultrasonic waves propagating in 
transparent media were investigated.  Limitations, poss i -  
ble applications,  and resu l t s  of t he  investigation of each  
system are  d iscussed .  Emphas is  is placed on equipment 
improvements for the  development of optimum sys tems for 
nondestructive tes t ing  applications.  

A more detailed report w a s  prepared on experi- 
mental work us ing  photoelastic phenomena for ob- 
serving pu l ses  of ultrasound in transparent so l ids .  
Quantitative measurements of attenuation were made 
us ing  a unique specimen containing s t a t i c  bending 
s t r e s ses .  Optical  superimposition of the  stresses 
due to  the  ultrasound introduced a change in the 
photoelastic image, which was  photographed and 
measured with a microdensitometer. Good experi- 
mental comparison was  found with miniature s t ra in  
gages.  

8 L. S. Snyders, The  Photoe las t ic  Observation of Ultra- 
sonic Waves in a Transparent P l a t e ,  ORNL-TM-1671 
(January 1967). 

Extens ive  technica l  ed i t ing  was  provided for t h e  
translation of a lengthy German d isser ta t ion ,  which 
d i scussed  the  ultrasonic detection and s igni f icance  
of f laws  in such  steel components as turbine rotors, 
s m a l l  forgings, tubes,  and bonded jo in ts .  The  trans- 
lation was  performed at the  request of t he  F u e l s  and 
Materials Development Branch, Division of Reactor  
Development and Technology, AEC. 

PENETRATING RADIATION 

R. W. McClung R. R. Wamorkar 

In a continuation of development of low-voltage 
radiographic techniques ,  we made quantitative 

'H. Krautwedel, S. Peterson, and R. W. McClung, trans- 
lators and editors,  The  R e s u l t s  of Ultrasonic Testing in 
the Prac t ice  of Machine a n d  Boi le r  Construction Concern- 
ing the Material and Strength Proper t ies  of Components, 
by Hans-Juergen Meyer, ORNL-tr-1369 (May 1967). 

Vlsltors from the  Atomic Energy Establishment,  
Trombay, Bombay, India. 

10 . . 
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Fig.  22.3. Exposure Chart for Rodiography of Vorious 

Thicknesses of Graphite with A i r  and Helium. 

s tud ie s  for t he  radiography of thin sec t ions  of graph- 
ite. A s t e p  wedge with th i cknesses  from 0.100 to  
1.650 in.  w a s  radiographed with energ ies  from 10 
to  45 kv peak a t  exposures  to achieve  a wide range 
of film dens i t ies  for each  s t e p  th ickness .  T h e  ex- 
posures  were made with intervening atmospheres of 
both helium and  air .  The d a t a  allowed plotting of 
comprehensive exposure char t s  and calculation of 
optimum operating conditions.  F igure  22.3 re la tes  
x-ray energy (kv peak) to exposure  factor (ma-sec) 
for various th i cknesses  of graphite and  both helium 
and a i r  atmospheres.  F igure  22.4 d isp lays  the  con- 
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Fig.  22.4. Condit ions Under Which Absorber Removal 

W i l l  E f fect  10% Change in Exposure Requirements for 

Radiography of Graphite. 

ditions under which a 10% change in exposure re- 
quirement will  b e  achieved by removal of t he  spec i -  
fied absorber. A paper’ describing the  s tud ie s  and 
applications h a s  been prepared. 

We a r e  quantitatively studying radiographic sens i -  
tivity a s  various parameters, s u c h  as x-ray energy, 
specimen th ickness ,  and th ickness  of l ead  intensi-  
fying sc reens ,  a r e  varied. T h e  materials being ex- 
amined a r e  s t a i n l e s s  s t ee l ,  aluminum, and copper. 
Special  penetrameters for t he  s t e e l  and aluminum 
were prepared to allow evaluation of smal l  changes  
in sens i t iv i ty .  T h e  penetrameters a re  thin s h e e t s  
containing many s m a l l  drilled h o l e s  whose diameter 
and depth vary in small increments with position in  
an ordered array. Fo r  copper w e  a r e  us ing  small- 
diameter wire to  ind ica te  image quality.  Preliminary 
resu l t s  ind ica te  tha t  thin lead  sc reens  a r e  bene- 
ficial  a t  energ ies  a s  low a s  70 kv peak. T h i s  con- 
t r a s t s  with previously accepted  va lues  of approxi- 
mately 120 kv  peak. 

’ ‘R. W. McClung, “Low Voltage Radiography and Micro- 
radiography of Graphite,” presented at  Symposium on 
Nondestructive Tes t ing  of Graphite, ASTM Annual M e e t -  
ing, Boston, Mass., June 27, 1967. 



23. Development and Testing of 

Sol-Gel-Derived (U,Pu)O2 Fuel 
A. L. Lo t t s  

The  sol-gel p rocess  is a versa t i le  process ,  t h e  
end product of which can  b e  obtained in  a variety 
of forms su i tab le  for fabrication into fuel rods by 
alternate techniques.  In the  previous work with 
thoria-base fue ls ,  we emphasized the  vibratory com- 
paction of dense  angular par t ic les  from tray drying 
and calcining. T h e  sol-gel p rocess  will  also pro- 
duce  dense  microspheres su i t ab le  for vibratory 
compaction, a concentrated sol su i t ab le  for extru- 
s ion ,  or a powder for s tandard  pellet  production. 
A development program to inves t iga te  the  economic 
and performance potential  of each  of t h e s e  methods 
of fabrication for (U,Pu)O, fue l s  for fast breeder 
reactor appl ica t ions  w a s  s ta r ted  l a t e  i n  the  year. 

We es tab l i shed  a critical path schedule  for t he  
program, which inc ludes  p rocess  development, 
property determinations,  irradiation tes t ing ,  and 
economic evaluation. Much of our in i t ia l  effort h a s  
been to complement our ex i s t ing  plutonium equip- 
ment with additional equipment to  accomplish the 
work. Fabrication and irradiation of t h e  first  cap- 
s u l e s  commenced. 

DEVELOPMENT OF FABRICATION PROCESSES 
A.  R. Olsen  

Our development program on the  fabrication of 
sol-gel derived (U,Pu)O, fue ls  is based  on our ex-  
tens ive  experience with sol-gel thoria-base fue ls  
reported previously’-3 and in  Chap. 36 of th i s  
reDort . 

1 A. L. Lotts, R.  B. Fitts,  J. D. Sease ,  and A. R. Olsen, 
Metals and Ceramics Div. Ann. Progr. Rept. June 30, 
1966, ORNL-3970, pp. 218-20. 

and Ceramics DIY.  Ann. Progr. Rept. June 30, 1966, 
M. J. Bannister, H. Beutler, and J. W. Prados, Metals 2 

ORNL-3970, pp. 220-22. 
R.  G .  Wymer and A. L. Lotts (compilers), Status and 3 

Progress Report for Thorium Fuel Cycle Development 
Dec. 3 1 ,  1966 (in preparation). 

Extrusion Studies 

J .  G. Stradley R. L. 
J .  M. Robbins 

Hamner 

Fitts and S e a s e l  have  shown tha t  thoria s h a p e s  
c a n  b e  extruded from sol-derived p a s t e s  ca l l ed  
“c lays ,”  which a r e  normally prepared by concen- 
trating thoria sols to about 1 2  M and  adding  fractions 
of partially ca lc ined  and  fully ca lc ined  sol-gel pow- 
ders  to control shrinkage, minimize cracking, and 
control f inal  density.  We have  extended this work, 
us ing  t h e  same  techniques,  to a s tudy  of the  feasi- 
bil i ty of extruding sol-derived urania.  W e  hope to 
apply the  technology developed in t h e s e  s tud ie s  to  
the  extrusion of UO ,-PuO , sol-derived materials.  

prepared urania sols of low molarity (0.7 M) could 
not b e  concentrated by evaporation of l iquid to t h e  
required 12 M without gelling. However, they were 
concentrated sa t i s fac tor i ly  by freezing with l iquid 
nitrogen and evaporating t h e  moisture from the  
so l id  s t a t e .  T h e  f ine  sol-gel powders (-325 mesh) 
that we add to  t h e  c l a y s  to ad jus t  properties were 
prepared without grinding by completely f reeze  dry- 
i ng  the  sols. 

We had very little difficulty preparing c l a y s  from 
chloride-prepared s o l s ,  which do not gel during con- 
centration as readily as nitrate-prepared sols. How- 
ever,  ex t rus ions  made with th i s  material  retained 
130 ppm C1 after our u sua l  s in te r ing  treatment, 
hea t ing  in hydrogen for 1 hr at 16OO0C. Pres in te r -  
i ng  t h e s e  ex t rus ions  in  steam-argon-4% hydrogen 
at 1000°C for 1 hr reduced the  chlorine conten t  to 
less than 1 ppm. 

Using a 30 wt % powder addition, w e  obtained 
bulk dens i t i e s  of 68 and  72% of theoretical  on ex- 

Unlike nitrate-prepared thoria s o l s ,  nitrate- 
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tms ions  from the  nitrate- and chloride-prepared 
c lays ,  respectively.  

Pel let i z  i ng 

J .  G.  Stradley J .  M. Robbins 
R. L. Hamner 

We s ta r ted  developing a process  for pelletizing 
sol-gel-derived UO , powders. T h e  powders were 
obtained from both nitrate and chloride s o l s  by 
vacuum drying and grinding and  from nitrate s o l s  by 
freeze drying. Preca lc ined  (400OC) and uncalcined 
powders were co ld  pressed  and s in te red  under a 
variety of conditions. Although th i s  development is 
in the early s t a g e s ,  we have  derived the  following 
tentative conclusions: (1) powders from more highly 
concentrated sols (9.75 M )  yield pe l l e t s  of higher 
green dens i t ies ;  (2) s team added to an  Ar-4% H,  
atmosphere during heating to 1000°C appears  to  in- 
c r ease  the  final density of the  sol-gel urania pel- 
l e t s ;  and (3) presintering in the  steam-Ar-4% H , 
atmosphere followed by final s in te r ing  at 160OOC in 
hydrogen produces sol-gel urania pe l le t s  of the  same 
density regardless of the  prior fabrication history. 

Sphere-Pac Vibratory Compaction 

A. R. Olsen R. B. F i t t s  

Development of a process  to  produce high-density 
(U,Pu)O , microspheres from the  sol-gel process  is 
the responsibil i ty of the  Chemical Technology 
Division. T h i s  development h a s  been reported3 and 
h a s  reached the  s t a g e  where experimental quant i t ies  
a re  ava i lab le  for product characterization and irra- 
diation testing. Details of t h e  development of the  
low-energy vibratory compaction (Sphere-Pac) fab- 
rication technique for fabricating fuel rods from 
these  microspheres is reported in Chap. 36 of th i s  
report. 

IRRADIATION TESTING 

A. R. Olsen R. B. Fitts 

The  in-reactor performance of a nuclear fuel is 
strongly influenced by i t s  properties a s  es tab l i shed  
by the  fuel preparation and fabrication technique. 
We have  init iated a program to determine the  irradi- 
ation performance of the  sol-gel-derived (U,Pu)O 

fue ls  as a function of sol-gel process  variables and 
fabrication techniques.  Init ial  sc reening  t e s t s  are 
being conducted in the  Engineering Test Reactor  
us ing  the capsu le  shown in Fig.  23.1. Th i s  cap- 
s u l e  permits the  tes t ing  of four ‘/,-in.-OD fuel ele- 
ments a t  high cladding-surface temperature with 
minimum restraint  on the  cladding. T h e  four ele- 
ments operate with a variety of hea t  generation 
ra tes  because  of the  flux gradient in the  reactor. 
The  bottom element operates at an  average power 
approximately half tha t  in t h e  center elements.  T h e  
t e s t  e lements  a re  held together by spacers ,  which 
a l so  center them in the  ?,-in.-OD capsule .  The  fuel 
cladding is ‘/,-in.-OD x O.OlO-in.-wall type 304 
s t a in l e s s  s t ee l .  

Sol-gel microsphere fuel fabricated by the  Sphere- 
Pac technique is presently being irradiation tes ted .  
Other sol-gel-derived fuel forms will b e  t e s t ed  as 
they reach an appropriate s t a g e  of development. 
We have  fabricated and a re  tes t ing  fuel elements  
containing microspheres  of ( 5U o ,  ,Pu o ,  ,)O ,, and 
( 2 3 8 U 0 , 8 5 P u 0 ~ 1 5 ) 0 2 .  Twenty rods were loaded for 
t hese  t e s t s  by the Sphere-Pac technique to  8 4  F 0.5% 
of theoretical;  t he  variation arises from variation in 
the  density of the  microspheres. Deta i l s  of t he  
fuel preparation and rod fabrication a r e  reported 
elsewhere.  The  first  f ive capsu le s  in th i s  irradia- 
tion t e s t  series have been fabricated,  and two have  
been irradiated. 

The  f i r s t  two capsu le s  irradiated, ORNL 43-99 
and ORNL 43-100, contained two e lements  each  of 
( 2 3 5 U , , , P u o , 2 ) 0 ,  fuel a t  76% s m e a r  density (weight 
of fuel divided by volume as determined from the  
ins ide  diameter of the tube) and two of (Tho, , ,  
P U ~ . ~ , ) O ~  fuel ( a l so  Sphere-Pac) a t  84% smear  
density.  T h e s e  tests were intended to operate at a 
calculated maximum cladding surface temperature of 
475OC and linear hea t  rating of 650 w/cm. T h e s e  
tests were to b e  compared with the  resu l t s  of f a s t  
reactor irradiations of the  s a m e  (U,Pu)O,  fue ls  to  
be conducted by Argonne National Laboratory. Both 
capsu le s  attained an estimated burnup of approxi- 
mately 10,000 Mwd/tonne of uranium and plutonium 
(1% fiss ions  per in i t ia l  metal atom) during a con- 
tinuous 16-day reactor full-power operating period 
before a failure in capsule  43-99 necess i ta ted  their 

4F. G. Kitts, R. B. F i t t s ,  and A .  R. Olsen, “Sol-Gel 
Urania-Plutonia Microsphere Preparation and Fabrication 
Into Fue l  Rods,” to  be  presented a t  AIME 1967 Nuclear 
Metallurgy Symposium on Plutonium Fue l s  Technology 
and  published in  a volume of the  Nuclear Metallurgy 
Series.  
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removal. T h e  failure occurred about 1.5 hr after a 
return to full power operation following a shor t  
reactor shutdown. T h e  capsu le  failure was  de- 
tec ted  when a hole in the  outer Zircaloy-2 capsu le  
re leased  part  of t he  NaK hea t  transfer medium. A 
3-in. length of cladding melted on the  h ighes t  rated 
(U,Pu)O, fueled rod in the region of t h e  capsu le  
failure. The  other th ree  fuel rods in  the  capsu le  
were intact .  

Capsule  43-100 did not ev idence  any failure in- 
reactor. T h e  predisassembly gamma s c a n  of t h i s  
capsule  during postirradiation examination showed 
no change in the  fue l  loca t ions  or lengths for any of 
the  fuel rods but did show a n  anomalous activity 
peak approximately 0.5 in. long in the  region of the  
bottom fuel rod end  plug. After removal of the NaK 
and d isassembly  of th i s  capsu le ,  failures i n  both 
the (U,Pu)O, fuel rods were evident.  A hole in  the 
cladding, approximately f’, in. above t h e  top of the  
original fuel column, w a s  found in the  rod with the  
h ighes t  hea t  rating, and the  bottom end  of the  
bottom rod w a s  melted off. Preliminary metallo- 
graphic examinations of t he  (U,Pu)O fuel from both 
the  in tac t  rod and  the  remaining portion of the  hot- 
t e s t  rod from ORNL 43-99 show microstructures 
cons is ten t  with operation with central  fuel melting. 

/END SPACER 1 NoK 

T h e  c a u s e  of t h e s e  fa i lures  is not ye t  known. 
T h e  most l ikely c a u s e s  a r e  overpowering (i.e.,  
operation a t  much higher h e a t  ratings than intended), 
t he  development of loca l ized  bubbles in the  NaK 
after t he  shor t  reactor shutdown, or a combination of 
both conditions.  T h e  r e su l t s  of the  bumup ana lys i s ,  
not ye t  ava i lab le ,  will  e s t ab l i sh  the  ac tua l  opera- 
t ional hea t  ratings and  thus  permit a better eva lua-  
tion. 

T h e  operating conditions for t h e s e  tests were cal- 
cu la ted  by various techniques ,  which y ie ld  widely 
varying resu l t s .  T h i s  is due  principally to the  high 
absorption c r o s s  sec t ion  of t h e s e  fue l s  relative to 
standard low-enrichment UO fue ls  and  the  resonance 
absorption c r o s s  sec t ions  for plutonium iso topes  for 
neutron energ ies  s l igh t ly  above  thermal. T h e s e  two 
factors render most of t he  s tandard  ca lcu la t iona l  
techniques qu i t e  inaccura te  when applied to 
plutonium-bearing fue ls .  We have  employed a man- 
ua l  numerical integration of t h e  fission ra te  as  a 
function of neutron energy with reasonable  r e su l t s  
for t h e s e  fue ls .  T h i s  technique, however, is sub-  
j e c t  t o  s eve ra l  poor assumpt ions .  W e  a r e  now ex- 
ploring t h e  u s e  of computer c o d e s  based  on trans- 
port theory to ca l cu la t e  t h e  f i ss ion  r a t e  as a function 
of fuel radius for a multigroup neutron-energy spec -  

ORNL-DWG 66-7325RA 

MIDDLE SPACER END SPACER ( ,,-NaK ,,VOID SPACE 

‘Zr-2 CAPSULE ‘FUEL ELEMENT \SPRING 
(0.500 OD X 0.035 WALL) 

IRRADIATION CAPSULE ASSEMBLY 

EXTRUDED Tho2 

/ INSULATOR (76% TD) 

‘304 STAINLESS STEEL \304 STAINLESS STEEL CLAD 
(0.250 OD X 0.040 WALL) END PLUG 

FUEL ELEMENT 

Fig. 23.1. Capsule  for Irradiation Tests .  

c 

\ 



. 127 

trum. The re su l t s  of these ca lcu la t ions  will  be 
compared with experimental resu l t s  to verify the  
reliability of th i s  approach. 

T h e  remaining three c a p s u l e s  fabricated th i s  year  
a re  scheduled  for insertion in  t h e  E T R  in July. 
Capsu le  ORNL 43-103 conta ins  three t e s t  e lements  
of low-density (87.7%) UO, microspheres a t  73.5% 
smear  dens i ty  and a UO, pel le t  e lement  for an  in- 
ternal standard.  I t  will  b e  operated at 500 w/cm 
ca lcu la ted  maximum linear h e a t  rating with a 
cladding-surface temperature of 4OOOC to a 2% 
f i s s ions  per in i t ia l  metal atom burnup. T h i s  t e s t  
will  compare t h e  performance of low-density micro- 
sphe res  with standard UO, pe l l e t s  and, in conjunc- 

tion with la te r  t e s t s ,  determine the  e f fec t  of micro- 
sphere  density on the  performance of Sphere-Pac 
beds.  

T h e  other two capsu le s ,  ORNL 43-112 and ORNL 
43-113, each  contain three t e s t  e lements  of ( 238U- 
15% Pu)O , at 80.5% smear  dens i ty  and  one  of the  
low-density UO , microsphere rods descr ibed  above. 
T h e s e  tests will  also opera te  at 500 w/cm and 
4OO0C sur face  temperature. They a re  scheduled to 
attain burnups of 2 and 10% f i s s ions  per in i t ia l  
metal atom respectively.  T h e s e  t e s t s  will yield in- 
formation on the  e f fec t  of plutonium concentration, 
extended burnup, and  various h e a t  ratings on the  
performance of t hese  fuels.  



24. Sintered Aluminum Products Development 
W. R. Martin 

Sintered aluminum products (SAP) a r e  powder- 
metallurgy-produced alloys tha t  cons i s t  of aluminum 
oxide d ispersed  within a n  aluminum matrix. T h e s e  
a l loys  have a high strength-to-weight ratio, and th i s  
beneficial  e f fec t  is s t a b l e  u p  to temperatures ap- 
proaching the  melting point of aluminum. 

Although t h i s  alloy is attractive for applications 
in seve ra l  reactor sys tems,  commercial SAP m a -  
t e r i a l s  lack  the  reproducibility of properties needed 
for many nuclear components. Our program w a s  
init iated to inves t iga te  the  problems and parameters 
related to primary b i l le t  fabrication of SAP for 
HWOCR pressure tubes  and shea ths  for fuel rods. 
General p rocess  s t e p s  involve feed-powder charac- 
terization, dispersion preparation, and consolidation. 
We a re  attempting to optimize the  conditions of 
each  operation to arrive at a more reliable and con- 
s i s t en t  product, us ing  t h e  typ ica l  metallurgical too ls  
for evaluation. Concurrent with t h e  development of 
a su i tab le  b i l le t  fabrication process ,  w e  have  en- 
deavored to develop su i t ab le  nondestructive tech- 
niques to a id  in process  evaluation. 

POWDER PREPARATION 

G. L. Copeland 

Ball-milling w a s  se l ec t ed  for dispersing the  de- 
s i red  amount of oxide  in t h e  aluminum. The  process  
was  s c a l e d  up to t h e  pilot  plant s t a g e ,  and param- 
e t e r s  were determined for producing nominal 9% 
oxide flake.  

T h e  pilot  plant mill is 16 in.  long x 36 in. in 
diameter. W e  be l ieve  i t  t o  b e  representative of the  
longer m i l l s  used  commercially for producing alumi- 
num flake,  s i n c e  t h e  c r i t i ca l  dimension for mill ing 
action is the  diameter. A l inear  i nc rease  in oxide 
content is observed as the  mill diameter i nc reases  
from 10 to 48  in .  with cons tan t  milling conditions 

and times. T h e  m i l l  i s  ribbed and  is fil led t o  33% 
of its volume with '/,-in.-diam hardened s t e e l  ba l l s .  
Atomized aluminum powder charged in to  t h e  mill 
amounts to 4% of t h e  weight of t h e  ba l l s .  Fo r  our 
pilot  plant mill,  we u s e  27 l b  of -100 mesh alumi- 
num. Mineral sp i r i t s  equa l  t o  twice  t h e  weight of 
the  aluminum powder is used  a s  t h e  mill ing vehicle.  
Stearic ac id  amounting to 3% of the  weight of t h e  
aluminum powder is u s e d  a s  t h e  lubricant.  T h e  m i l l  
rotates a t  t h e  c r i t i ca l  s p e e d  of 44  rpm and is water 
cooled to maintain a temperature of n o  greater than 
4OoC. Air is c i rcu la ted  through the  mill t o  a s s u r e  a 
normal a i r  atmosphere during milling. 

T h e  oxide content is a l inear  function of milling 
time, a t  l e a s t  u p  to 12% oxide.  A s e r i e s o f  ten 
ba tches  run under e s sen t i a l ly  ident ica l  conditions 
for milling t imes  of 20 hr ind ica ted  tha t  the  oxide  
content is reproducible within the  precision of the  
measurement techniques .  T h e  mean and expec ted  
deviation for a 20-hr milling t ime a r e  8.70 -t 2.80% 
oxide by fast-neutron activation a n a l y s i s  and 
8 .22  k 1.54% oxide  by the  gaseous  HC1 dissolution 
technique. T h e  indicated deviation is based  on 
95% confidence tha t  95% of a normal distribution 
will  b e  within t h i s  range. 

inclusion of approximately 0.5% tramp iron in t h e  
flake product. Magnetic separa t ion  c a n  remove i t .  

T h e  u s e  of the  steel mill  and ba l l s  r e su l t s  in t h e  

PROCESS SELECTION FOR 
CONSOLI DATl ON 

M. M. Martin 

POWDER 

T h e  primary purpose of consolidation is to com- 
pac t  the  S A P  powder into a su i t ab le  b i l le t  for ex- 
trusion to a semi finished product with t h e  aluminum 
oxide  in  a s t a b l e  form of predictable morphology. 
The  direct  extrusion of powder is not  practical ,  

128 
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s i n c e  the  bulk density is about 10% that of the  ex- 
truded rod. W e  inves t iga ted  severa l  combinations 
of cold pressing, vacuum annealing, vacuum hot  
pressing, and vacuum fusion. On the  b a s i s  of 
superior mechanical properties with minimum vari- 
abil i ty,  w e  s e l e c t e d  vacuum hot press ing  for more 
detailed evaluation and sca l eup  for pilot  production 
of nominal 9%-A1,0, SAP b i l le t s .  Our a i m  is to 
achieve  a product that  is equivalent to commer- 
cially ava i lab le  SAP-895, which conta ins  approxi- 
mately 10% oxide. Conditions that were or  a r e  
currently be ing  investigated a r e  the  temperature for 
vacuum annea l ing  t h e  powder, t h e  density of the  
consolidated b i l l e t s ,  permissible leve ls  of iron, 
carbon, and  hydrogen impurities, and t h e  necess i ty  
of vacuum annealing t h e  b i l le t s  after consolidation. 

Our work encompassed a s e r i e s  of 2-in.-diam SAP 
bi l le t s  tha t  were produced by s i x  different p rocesses  
(l isted in Tab le  24.1) from commercially supplied 
A1-6 wt % A1203  f lake  powder. Vacuum hot press ing  
was  done in graphite d i e s  a t  a maximum pressure  of 
0.8 tsi. T h e  procedure included holding the  powder 
a t  6OO0C for 2 hr and  then pressing for 0.5 hr, all 
under vacuum. In vacuum fusion, cold pressed  com- 
pac t s  were hea ted  a t  7OO0C for 15 min or 1 hr. T h e  
density of all b i l le t s  immediately before extrusion 
was  70 to  80% of theoretical .  

The  b i l le t s  were extruded a t  a reduction ratio of 
30 through a shea r  d i e  a t  435OC to  i - in . -d iam x 
40-in.-long rods and subsequently straightened by 
swaging a t  450°C with a reduction ratio of 1.02. 
Data from tens i le  t e s t s  performed a t  450°C and a 

low s t ra in  ra teof  0.0002 min-' a r e  shown in 
Table 24.2. 

P r o c e s s e s  B and C produced material whose 
tens i le  strength depended significantly on spec i -  
men position. Oxide conten t  and  texture differences 
failed to  account for t h e  cons i s t en t  dec rease  in 
strength a long  t h e  rods. Although da ta  were limited, 
material from p rocesses  E-2 and F-2 exhibited high 
oxide conten ts  near t h e  nose  of t he  ex t rus ions ,  and 
their strength variations behaved similarly to those  
from p rocesses  B and C.  Elimination of the  high- 
oxide a r e a s  from t h e  evaluation yielded t h e  t ens i l e  
va lues  presented in Table  24.2. In all p rocesses ,  
the  uniform elongation was  less than 2% at 45OOC 
and the  low s t ra in  rate. P r o c e s s  D appears  t o  b e  
the  most attractive in  the  magnitude and  uniformity 
of strength of its product; t he  product c lose ly  ap- 
proximates the  properties of SAP-895 at significantly 
lower oxide  content.  

T h e  e f fec ts  of secondary extrusion and init ial  
bil let  dens i ty  were examined in a s e r i e s  of 4-in.- 
diam compacts consolidated according to  p rocesses  
B and D. P r o c e s s  D b i l le t s ,  which were prepared 
from a new batch of commercial f lake containing 5% 
Al2O3, extruded without difficulty through a shea r  
d i e  with a reduction ratio of 5.4,  a bil let  tempera- 
ture of 500°C, and a tooling temperature of 200OC. 
P r o c e s s  B b i l l e t s  were consolidated from material 
with 6% A l z 0 3  by vacuum annealing 17.5 hr a t  
6OOOC and then immediately transferring without 
cooling to the  extrusion p res s  preheat furnace. 
The  b i l le t s  were extruded similarly to  those  from 

Table  24.1. B i l l e t  Consolidation Processes 

Powder Treatments Billet  Treatments 

P rocess  Vacuum Cold Vacuum Hot Vacuum Vacuum 
Anneale P res s ing  Pressinga Anneala Fusionb 

A 
B 

c-1 
c -2 
D 

E-1 
E -2 
F -2 

used  
<10-2 (10-2 

used  
<lo- ,  u sed  

used  15 min  
u sed  1 hr 
u sed  1 hr 

eAt 60OoC. If used, pressure is given in torrs. 
b7000C for time indicated. 
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T a b l e  24.2. Ef fect  of B i l l e t  Consolidation Process on Oxide Content and 

Tens i le  Strength of Extruded Rod 

Expected Deviation' 
of Ultimate Tens i le  Ultimate Tens i le  

Strengthb Strength 
Consolidation Oxide Contenta 

(Ps i )  

x 10, x l o 3  

Process  (wt 70) 

_. 
(Psi)  (%) 

A 
B 

c-1 
c-2 
D 
E -1 
E-2 
F-2 

S A P  8 9 j e  

7.7-9.6 
6.6 

8.2-9.4 
8.2-9.4 

8.2 
8.5-1 1.5 
8.5-11.5 

10.1 -14.3 

11 .5  

9.4 
12.2 - 0.055L 
13.7 - 0.039L 
15.5 - 0.086L 

11.9 

11.9 
11.5 
10.9 
12.1 

k0.65 
f 0 . 9 6  
f1 .34  
f 0 . 7 5  

k0.82 
d 
d 
d 

f 0 . 7 7  

6.9 
8.6 

10.4 

5.4 
6.9 
d 

d 
d 
6.4 

_ _ _ _ _ _ _ _ _ _  ~ 

aThe  range of values represents the  maximum and minimum of a t  l e a s t  four determinations along the rod length. 
bIf the strength varied significantly along the rod, i t  is given a s  a function of the d is tance  L in inches  from the 

'Statistical tolerance limits. 
dInsufficient t e s t s  to derive meaningful value. 
eValues for commercial material. 

nose of the extruded rod. 

P r o c e s s  D, except  a t  a b i l le t  temperature of 600OC. 
T h e s e  1.75-in.-diam primary rounds were further 
processed  the same as  the 2-in.-diam rounds de- 
scribed above, except  tha t  swaging w a s  not needed, 
and conical d i e s  were u s e d  to  s imula te  fabrication 
of tubing. 

In t e s t s  performed a t  45OOC and 0.002-min- 
strain rate,  ult imate t ens i l e  strength depended 
slightly on dens i ty  but not on sample  location a long  
the  length of the  ex t rus ions  for both B a n d D  process- 
es. B i l l e t s  of 8 0  and  98% of theoretical  dens i ty  ex- 
truded to rods with average  ult imate s t rengths  of 
10,300 and 9830 ps i  respectively.  The  uniformity 
of strength within a particular extruded rod w a s  
excellent;  variations were less than 5% of the  
average value.  At t h i s  time, t h e  ava i lab le  da ta  a re  
insufficient t o  eva lua te  variability among extrusions.  

Primary extrusions of 4-in.-diam bi l le t s  that  had 
been consolidated according to  process  B procedures 
contained less than 5 ppm H and a r e  equivalent to 
SAP-895. T o  achieve  l e s s  than 10 ppm H with 
process  D, t h e  vacuum annea led  flake and vacuum 
hot pressed  b i l le t s  must not be  allowed to rehydrate 
during de lays  in processing. Storage in sea l ed  
p las t ic  bags  with des i ccan t  accompl ishes  th i s  end. 

It is apparent tha t  p rocess  B or D c a n  b e  u s e d  to 
consolidate SAP powder f lake  into b i l l e t s  tha t  yield 
t ens i l e  properties that  vary less than 5% and a r e  
equal  in magnitude to those  of a commercial SAP 
alloy that conta ins  significantly more oxide. 

THERMOGRAVIMETRIC ANALYSIS OF 
ALUMINUM FLAKE 

M. M .  Martin 

T h e  primary purpose of vacuum annealing S A P  
flake i s  t o  convert  t h e  aluminum oxide hydrate to  a 
s t ab le  form of A1 ,O , and to remove vola t i le  con- 
taminants. To select optimum heat-treatment time 
and temperature, commercial A1-6% A1,0, and our 
ball-milled powder containing 10% A1203  were sub- 
jec ted  to  vacuum thermogravimetric ana lys i s .  T h e  
s tudy  included exposure of degassed  materials to 
moist a i r  at  1 atm. F igure  24.1 dep ic t s  the  differ- 
en t ia l  weight loss curve  tha t  w a s  determined for 
our 10% A1,0, product upon hea t ing  to  6OOOC a t  a 
rate of 100°C/hr; the  commercial f lake behaved 
similarly . 
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Fig .  24.1. E f fec t  of  Temperature on Degassing Ex-  

perimental SAP F l a k e  a t  Approximately 5 x l o F 4  torr. 

The  oxide and carbon contents were determined a t  the 

stages indicated. 

Prior to heating, the  analytical  sys tem was  evacu- 
ated to  s l igh t ly  l e s s  than torr. T h e  reduced 
pressure  permitted approximately 60% of the  total  
weight loss of 5.6% to occur  during t h e  pumpdown 
a t  room temperature. 

In F ig .  24.1 the  peak shown a t  about  165'C re- 
s u l t s  primarily from the  r e l ease  of loosely a t tached  
water and  carbonaceous materials.  Approximately 
50% of the  carbon is re leased  a t  th i s  temperature. 
The aluminum hydrate decomposes around 365'C, 
although some volati le hydrocarbons a r e  s t i l l  be ing  
released during t h i s  period of rising temperature. 
The  temperature must b e  ra i sed  t o  6OOOC to  reduce 
the  carbon leve l  t o  less than 0.5%. T h e  s t ab le  
forms of aluminum oxide on powder hea ted  to 6OOOC 
were identified as  X-A1203 and  q-A1,0,. 

When exposed to 11'F-dewpoint air ,  the degassed 
material ga ins  weight at the  r a t e  of 18 ppm/min. 
With further exposure,  t he  rate of water adsorption 
dec reases  exponentially to about  0.5 ppm/min a t  
the  end of 120  hr. T h e  material  loses approximately 
half  of t h i s  weight gain upon reheating to 600OC. 
Heating to  above t h e  melting point did not produce 
an additional weight change. 

Therefore, w e  expec t  that  hea t  treatment of powder 
a t  600°C is required to  remove volati le hydrocarbons 
to l eve l s  less than 0.5% C and that rehydration of 
SAP f lake  produces a more s t a b l e  hydrate and must 
b e  avoided if a l loys  a re  to b e  made with low hydro- 
gen contents.  

FRACTURE CHARACTERISTICS OF SAP 

D. G. Harman T. A. Nolan'  

A unique fractographic ana lys i s  technique was  
developed to study the  init iation and propagation of 
the  high-temperature fracture of SAP-type alloys.  
The  formation of vo ids  at t h e  A1203 sites early in 
the  high-temperature t ens i l e  t e s t  was  verified, and 
their  growth throughout the  fracture process  w a s  
studied. 

low-temperature fractures of SAP specimens tha t  
had been prestrained various amounts a t  e leva ted  
temperature. T h i s  technique is feas ib le  because  
of the  significant difference in appearance of sur- 
faces formed at the  two temperatures. 

Figure 24.2 shows a fractograph of a specimen 
that was  t e s t ed  and fractured a t  450'C a s  well as of 
spec imens  prestrained 0.2,  1.0, and 1.6% a t  450'C 
and then pulled to fracture a t  -2OOOC. These  elec- 
tron micrographs show fracture cav i t i e s  ranging 
from 2 to 5 p in diameter, with their  size increas ing  
with increas ing  strain a t  450'C. T h e  larger fea tures  
a re  the  a r e a s  tha t  had separa ted  a t  the  higher t e m -  
perature, and they a r e  surrounded by t h e  fine-scale 
-2OOOC fracture features.  

the  resu l t s  f rom the  examination 
of fracture su r faces  of XAP-001 dispersion-hardened 
aluminum in the electron microscope us ing  two- 
s t a g e  replication. T h e  fracture su r faces  were ob- 
tained from rod t ens i l e  specimens t e s t ed  from -200 
to 450'C or c reep  t e s t ed  a t  45OOC. Three  modes of 
ducti le fracture a r e  described and identified by 
fractography. High-temperature fractures were 
init iated a t  s ing le  oxide par t ic les  or groups of 
particles.  Banding and stringering of oxide  parti- 
c l e s  se r ious ly  affected the  fracture process .  

The  study involves  the  fractographic ana lys i s  of 

W e  a l s o  reported 

'Physics  Department, Technical  Division, ORGDP. 
2 D. G. Harman, Mechanical Propert ies  of AI-AI 0 

A l l o y s :  Test ing Procedures  a n d  Evaluation of Dsta; 
ORNL-TM-1802 (May 1967). 
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PHOTO 89199 

Fig.  24.2. E lec t ron  Fractographs Showing Fracture I n i t i a t i o n  and Propagat ion i n  SAP Mate r ia l  a t  45OoC. 
6 5 0 0 ~ .  (a) Specimen prest ra ined 0.2% a t  45OoC, then f ractured a t  -2OO0C. A s ing le  h igh- temperature 

fracture vo id i s  shown surrounded by the f i ne  scale - 2 O O O C  f racture features.  

temperature f racture vo ids  have  increased i n  both s i z e  and densi ty .  ( c )  
to  about 5 p i n  diameter.  (13) 45OoC fracture. Reduced 47%. 

( b )  
1.6% prest ra in .  

1.0% prest ra in .  H igh -  

Vo ids  have grown 
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COMMERCIAL PRODUCT EVALUATION 

D. G. Harman D. H. Turner3 

Propert ies of SAP Made from Commercial 
Atomized Powders 

Short-time t ens i l e  properties of rod extruded from 
the  five grades of atomized powder l i s t ed  in Table 
24.3 were measured a t  room temperature and ele- 
vated temperature. Some swaged rod w a s  also 
tes ted .  T h e  oxide  conten ts  of the  extruded rods 
varied from 1 to  15%. Milling lubricants,  extrusion 
ratios,  and b i l l e t  preheat temperatures were studied. 

I t  was  apparent that  t h e  seve ra l  var iab les  involved 
were not adequately treated for any firm conclu- 
s ions ;  however, certain trends among the  five pow- 
ders were used  for some cursory comparisons.  T h e  
high-temperature strength of SAP from Alcoa’s 
Albron 1 0 1  powder w a s  cons is ten t ly  low (for a given 
oxide content) ,  while Valley Metallurgical’s H-3, 
H-5, and H-10 were all a t  a n  approximately ident ica l  
higher strength level.  Alcan Metal’s MD X-65 had 
the  h ighes t  strength,  which w a s  probably due in  
part to t he  lubricant used .  At oxide  l eve l s  of less 
than 4%, SAP from 1 0 1  grade powder showed t h e  
h ighes t  ducti l i ty (total  elongation). There  was  
appreciable sca t t e r  in the  ducti l i ty da ta ,  and no 
other trends were evident with respec t  to powder 
grade. 

3 0 n  loan from Atomics International. 

The e f fec ts  of milling conditions and lubricants 
were appraised by considering t h e  da t a  on the VMP 
H-5 powder. There  was  no strength difference be- 
tween materials milled with s t ea r i c  ac id  and with 
s i l i cone  as  lubricants;  however, t h e  material milled 
with o l e i c  ac’id showed 30% higher s t rengths  a t  the  
same  oxide level.  T h e  incorporation of lifter bars  
in t he  ba l l  m i l l  increased  the  high-temperature 
strength of VMP H-5 SAP by about  30%, whether 
aluminum or s t a i n l e s s  s t e e l  ba l l s  were used. Those  
VMP H-5 powders milled with s t ea r i c  ac id  showed 
the  h ighes t  ducti l i ty,  while those  milled with sili- 
cone showed the  lowest.  

hot swaging after extrusion were s tudied  for four 
grades of powder. The  high-temperature strength 
and ductil i ty were improved for three of the  four 
grades. 

In addition to  t h e s e  milling s tud ie s ,  the  e f fec ts  of 

Mechanical  Properties of Extruded Montecat ini  
Sintered Aluminum Products 

To provide base-line da t a  for ORNL SAP, current 
commercial material is being evaluated. A 2-in.- 
diam SAP 895 billet  produced by Montecatini and 
obtained from Atomics International w a s  t e s t ed  a t  
O W L  in t h e  as-received condition and after hot 
extrusion to  %-in.-diam rod. 

T h e  e f fec t  of s t ra in  ra te  on the  elevated-tempera- 
ture mechanical properties is shown graphically in 
F igs .  24.3 and 24.4 and compared with our da ta  from 
a similarly t e s t ed  XAP-001 extrusion. F igure  24 .3  

T a b l e  24.3. Characteristics o f  Spherical Aluminum Powders Used as Starting Mater ia l  

Powder 
Average Surface Oxide Crystall i te Atomizing 

Manufacturer Size Area Content S ize  Medium. 
(m2/g) (70) (A) 

Albron 101 Alcoa 
(-325 mesh fraction) 

12 Air 

MD X-65 Alcan Metal Products 6.5 0.754 0.3 7 90 Air 

VMP H-3 

VMP H-5 

Valley Metallurgical 3.5 0.996 0.4 1050 Helium 
Process ing  Corporation 

Valley Metallurgical 6 0.803 0.7 910 Helium 
Process ing  Corporation 

VMP H-10 Valley Metallurgical 10 0.594 0.2 910 Helium 
Process ing  Corporation 
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shows tha t  as the  s t ra in  ra te  is decreased ,  the  dif- 
ference in strength between longitudinal and trans- 
verse  directions remains essent ia l ly  constant for 
as-received b i l l e t s  (reduction ratio 25) of each  alloy. 
Th i s  difference was  about  3500 ps i  for t he  SAP 895 
and about  2000 ps i  for t he  XAP-001. Notice tha t  
t he  SAP 895 (approximately 11% A1203) is only 
440 ps i  stronger in the  t ransverse  direction than is 
the  XAP-001 (approximately 6% A1203). Figure 24.4 
shows tha t  changing the  s t ra in  ra te  by two orders of 
magnitude had very little effect on the  ducti l i ty for 
either alloy measured in the  t ransverse  direction. 
The  material showed t ransverse  elongations of 1% 
or less at all s t ra in  rates.  On the  other hand, the  
longitudinal ducti l i ty e s sen t i a l ly  doubled with the  
100-fold increase  in s t ra in  rate. 

- 

NONDESTRUCTIVE TESTING OF SAP 
t H. L. Whaley 

We have  been working primarily on two problems 
assoc ia ted  with t h e  SAP material  development pro- 
gram th i s  year: measurement of flake th ickness  and 
oxide content of SAP powders. 

For  the  f i r s t  problem, our survey of existing par- 
ticle c lass i fy ing  instruments found none applicable.  
A technique of dispersing t h e  f lakes  in a i r  in a 
vertical  column, injecting them in to  a horizontal 
laminar s t ream of air ,  and co l lec t ing  them as they 

settle out  of t he  a i r  stream under the influence of 
gravity was  developed. Calculations show tha t  t he  
d is tance  traveled in the  laminar s t ream before set- 
tling is inversely proportional to the th ickness  of a 
given flake. An appara tus  for accomplishing th i s  
thickness-dependent  se t t l ing  was  designed and built  
(Fig. 24.5), and early work demonstrated tha t  such  
separation appeared to  occur  when the  process  was  
conducted a t  atmospheric pressure.  However, due 
to the  very s low vertical  component of t he  terminal 
velocit ies of t he  thinner flakes,  they were pas s ing  
completely through the  horizontal se t t l ing  chamber. 
Two approaches to fac i l i t a te  quicker se t t l ing  were 
considered; u s e  of a g a s  other than a i r  and u s e  of 
reduced a i r  pressure.  Calculations showed tha t  t he  
la t te r  was  more practical .  

contain the  se t t l i ng  apparatus a t  the  desired reduced 
pressure.  Significant problems were overcome in 
gett ing t h e  e lec t r ica l  sys t ems  t o  perform appropri- 
ately at reduced pressure  (0.02 to 0.5 atm). Since 
the powder is dispersed by blowing a i r  upon i t ,  s ig-  
nificant modifications were necessary  to allow d is -  
persion at reduced pressure.  

successfu l ly  d ispersed  and collected at 0.30, 0.167, 
0.120, and 0.067 atm. T h e s e  were s e n t  to  Metallog- 
raphy where they were put in a form allowing m e a s -  
urement of the  f lake  thickness.  When straight l i nes  
were drawn through p lo ts  of f lake  th i ckness  v s  set- 

A large,  reinforced P lex ig l a s  box w a s  built  to 

Samples of as-received MD-3100 powder were 

Fig. 24.5. F l a k e  Th ickness  Separating Apparatus. 



136 Y 

t l ing d is tance  for t h e s e  samples ,  t he  s l o p e s  dimin- 
i shed  a s  pressure  increased .  T h e  th ickness  range 
co l lec ted  at a given pressure  covered only about 
0.5 p and was  centered near  1.0 p. More samples  of 
MD-3100 for t e s t  and calibration a re  now being col- 
lec ted  and processed .  P l a n s  have been made to 
ana lyze  powder f r o m  an  experimental ba l l  mill de- 
s igned  and fabricated a t  ORNL. 

On the oxide  content problem, the  feasibil i ty of 
us ing  eddy-current techniques to  measure conduc- 
tivity differences in SAP due to different oxide con- 
ten ts  w a s  demonstrated with extruded SAP bi l le t s .  
However, our goal was  a quick determination of 
ox ide  content from powder direct  from a ball mill; 
therefore, extruded S A P  could not b e  used .  

were required for the  eddy-current t e s t s .  Neither 
cold compacting to  50 t s i  nor vacuum hot press ing  
to high pressure  yielded a wafer with sufficiently 
high conductivity. Vacuum fusing followed by cold 
press ing  produced a compact with conductivity be- 

Wafers 1 in. in diameter and about 0.100 in. thick 

tween those  of 1100 and 2024 aluminum. We a re  
trying to obtain less variation in conductivity a s  
measured a t  various points on the face of a sample 
and l e s s  variation between wafers processed  the  
same  way from the  same  s ta r t ing  powder. T h e  
present variation in conductivity over t he  face of a 
wafer is equivalent t o  about a 1% oxide  variation. 
The  present  goal i s  to obtain sufficient reproduci- 
bility and homogeneity for t h e  fusing process  and  
then ca l ibra te  over the  oxide range of in te res t .  
Photographs of the  interior of t he  fused  wafers 
(Fig.  24.6) showed very bad cracking parallel  to 
the faces ,  which contributes to the  conductivity 
variation. Gamma attenuation h a s  also been investi-  
gated as a backup technique on the  oxide  content 
problem. 

Some work h a s  also begun to determine the  homo- 
geneity of preextrusion compacted b i l le t s  by gamma 
scanning  to  see if  t h i s  cor re la tes  with postextrusion 
bil let  integrity. 

~~~ ~~ 

Fig.  24.6. Cracking in Fused SAP Wafer. 5 0 ~ .  
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SAP-UC COMPATIBILITY 

J .  T. Venard 

A s e r i e s  of experiments to inves t iga te  t h e  com- 
patibil i ty between SAP and UC was  performed. W e  
t e s t ed  SAP containing 10 wt % oxide aga ins t  hypo- 
stoichiometric,  stoichiometric,  and hyperstoichio- 
metric uranium monocarbide over  t he  temperature 
range 450 to 625OC. 

T h e  spring-loaded compatibility c a p s u l e s  u s e d  in 
these  experiments did not produce as  much reaction 
product a s  had been observed by other experimenters. 
T h e  amount of reaction product observed and the  

capsu le  loading conditions a re ,  however, probably 
representative of a fuel rod in  an  unpressurized 
reactor. X-ray ana lys i s  of extracted reaction product 
h a s  not ye t  identified the  material. 

tion product i n  UC containing 4.8% C w a s  83.6 
kcal/mole. T h e  corresponding value for 5.1% C 
samples  was  92.4 kcal/mole. Resu l t s  for 4.6% C 
samples  were very erratic,  presumably because  of 
the  presence  of f ree  uranium, and have  not given 
any usefu l  information. 

and their  ana lys i s  h a s  been drafted. 

T h e  activation energy for t h e  growth of the  reac- 

A report covering the  de t a i l s  of t h e s e  experiments 



25. Weldability of High Alloys 

G. M. Slaughter 

T h i s  program h a s  a twofold objective.  The first  is 
to obtain a more thorough understanding of the  role of 
minor elements,  individually and  combined, upon the 
cracking behavior and mechanical properties of welds  
in high alloys.  These minor e lements  c a n  be e i ther  
those  spec i f ica l ly  added or t hose  present  as un- 
wanted residuals.  Much effort w a s  expended in pro- 
curing high-purity raw materials and process ing  them 
into spec ia l  a l loys  for t e s t i n g  weldability both at  
Rensse laer  Poly technic  Ins t i tu te  under subcontract 
and a t  ORNL. 

T h e  second objec t ive  of t h e  program is concerned 
with a more thorough understanding of the  influence 
of welding parameters on the  weldabili ty of conven- 
tional a l loys .  Weld energy input is a bas i c  variable 
in welding, and its ef fec t  on the  properties of s ta in-  
less s t e e l  welds  h a s  been s tudied .  

SP ECl AL ALLOY FABRl CATION 

W. J .  Werner R. E. McDonald 
D. A. Canonico 

Raw materials were purchased on the  b a s i s  of 
purity, cos t ,  and  delivery da ta .  Table 25.1 shows  
typical chemical a n a l y s e s  of t h e  melting s tock .  
Melting and fabrication were e s sen t i a l ly  completed 
on two groups of alloys:  one  a n icke l -base  alloy 
(Inconel 600, Ni-15.5% Cr-8.0% Fe) and  the  other 
an iron-rich alloy (Incoloy 800, Fe-32.5% Ni- 
21.0% Cr). 

T h e  elemental  components of t h e  spec ia l  a l loys  
were consolidated by inert-atmosphere a r c  melting. 
The resultant 12-in.-long half-rounds were welded 
into cylindrical  2-in.-diam e lec t rodes  and then melted 
into 4-in.-diam ingots.  T h e s e  were extruded and hot  
swaged or  hot rolled to the  f ina l  des i red  rod or p la te  
configurations. 

T h e  Incoloy-800 composition w a s  chosen  in  view of 
its current importance for a variety of fue l  element 
and nuc lear  s team generator applications.  Varia- 
t ions  in  aluminum and titanium content within the 
fairly wide range permitted by ASTM were incorporated. 
T h e s e  two minor element addi t ions  were se l ec t ed  for 
study because  of their  probable (but undetermined) 
major influence on weldabili ty.  Additional a l loys  
were prepared that conta ined  nominal amounts of 
aluminum and titanium together with controlled addi- 
t ions of sulfur and/or phosphorus. A pure ternary 
alloy was  included for comparison. 

portions, VARESTRAINT t e s t ing  and hot-ductility 
testing. In the  first  c a s e ,  controlled sulfur and  
phosphorus addi t ions  were made to a nominal alloy 
containing 0.03% C ,  0.04% Cu, 0.20% Mn, and  0.20% 
Si. Pu re  ternary and  pure nominal a l loys  were in- 
cluded for comparison. 

T h e  s tudy  of the  Inconel 600 alloy c o n s i s t s  of two 

T a b l e  25.1. Chemical Analyses of Mel t ing Stock 

lm pu r i t y 
Element 

Impurity Content of Melting Stock (wt 70) 

Fe Cr N i  

C 

Si 
P 
S 
Fe 
c u  
Pb 
A1 
N 
0 
H 

0.005 
0.0002 

0.002 
0.004 

0.05 

(0.02 

0.012 
0.0009 

0.002 
0.0002 
0.004 

(0.002 
0.11 
0.0005 
0.0013 
0.004 
0.014 
0.033 
0.0003 

0.007 
0.005 
0.0005 

< 0.002 
0.001 
0.00002 
0.00001 

0.00001 
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Six 125-lb h e a t s  of t h e  pure Inconel 600 ternary 
were melted for t h e  VARESTRAINT s tud ie s  at RPI. 
We produced 6-in.-diam extrusion ingots by air- 
induction melting of t h e  elemental  components in to  
4-in.-diam e lec t rodes  and vacuum-consumable melt- 
i ng  these .  A commercial fabricator extruded them 
into s h e e t  bar ( 1  x 4 in .  c r o s s  section).  

Exce l len t  quality, reproducibility, and fabrica- 
bil i ty were obtained for the  more than 50  hea t s  of 
spec ia l  a l loys  manufactured in-house. C l o s e  control 
over all melting and fabrication parameters w a s  main- 
tained at all t imes,  and the  contamination during 
melting and fabrication w a s  minimal. 

VARESTRAINT TESTING PERFORMED UNDER 
SUBCONTRACT AT RENSSELAER 

POLY TECHNIC INSTITUTE’ 

D. A. Canonico W .  J .  Werner 

I 

The  weldability of nickel-bearing a l loys  is being 
investigated b y  u s e  of t h e  VARESTRAINT t e s t  de- 
veloped at Rensse laer  Poly technic  Insti tute.  
VAriable RESTRAINT t e s t ,  which is new and rela- 
tively inexpensive,  permits t h e  evaluation of base -  
metal  weldability a s  well as  the  determination of 
the e f fec t  of a particular welding process  and asso- 
c ia ted  welding variables on hot cracking. Standard 
$2- x 2- x 12-in. t e s t  specimens of commercial hea t s  
of Inconel 600, Incoloy 800, and Has te l loy  X were 
tes ted  as one part of t h e  program. 

F igure  25 .1  compares the  generalized sens i t iv i ty  
to hot  cracking for t h e  three types  of material  studied 
T h e  da tapo in t s  were obtained by averaging the re- 
s u l t s  ( a t  equivalent augmented strain) of the  t e s t s  on 
two h e a t s  of t he  s a m e  material .  Note  that the  crack- 
ing  threshold (minimum augmented strain to c a u s e  
cracking) is 0.33% for Has te l loy  X and 0.25% for both 
Inconel 600 and Incoloy 800, indicating a superior hot- 
cracking r e s i s t ance  for t h e  Has te l loy  X material a t  
low strain leve ls .  However, t h i s  superiority is los t  
a t  all higher leve ls  of augmented s t ra in ,  and Inconel 
600 exhibits a pronounced superiority over both 
Hastelloy X and Incoloy 800 at  augmented-strain 
l eve l s  of 0.5,  1, and 2%. T h u s  the  commercial 

T h i s  
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‘Work performed under direction of W. F. Savage and  
C. D. Lundin, Department of Materials Engineering, 
Rensse laer  Polytechnic Insti tute,  Troy, N. Y. Subcontract 
is funded jointly with BONUS Core I1 Superheater Research 
and Development (Part  IV,  Chap. 27, of th i s  report). 

Welding J. (N.Y.) 44(10), 433-s-442-s (1965). 
‘W. F. Savage andC.  D. Lundin, “The Varestraint Tes t ,”  
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represent the average of the data from two heats of each 

material  wi th  two replications a t  each augmented-strain 

per heat.  

Inconel 600 apparently exhibits t he  grea tes t  overall  
hot-cracking r e s i s t ance  of t he  three  materials studied, 
and  commercial Has te l loy  X and Incoloy 800 a r e  
roughly equivalent.  

T h e  to ta l  crack length a t  2% augmented s t ra in  is 
approximately 500 mils for t he  Inconel 600  and 1100 
mils for the Incoloy 800 and Hastelloy X. In general, 
the  c rack  length at 2% strain h a s  been found to b e  
directly proportional to the  range of temperature in  
which the  material  is sens i t i ve  to hot cracking. T h u s  
the  Inconel 600 material exhib i t s  a smaller hot- 
cracking temperature range than either the Incoloy 800 
or Has te l loy  X material. 

Similar experiments a re  being run on seve ra l  h e a t s  
of t h e  spec ia l  a l loys  to determine threshold compo- 
s i t i ons  for cracking. Hot-cracking mechanisms a r e  
being studied through the  u s e  of electron microscopy 
and microprobe ana lys i s  of fracture surfaces.  

THE E F F E C T O F E N E R G Y I N P U T O N T H E  
MECHANICAL PROPERTIES OF AUSTENITIC 

STAINLESS STEEL WELDS 

D. A. Canonico W. R. Martin 

T h e  mechanical properties of carbon- and low-alloy 
steel welds  a r e  significantly a f fec ted  by variations 
in welding parameters. T h e s e  changes in mechanical 
properties a re  largely related to refinement or coarsen- 
ing  of the  ferritic microstructure during cycling 
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through the  allotropic transformation from face- 
centered cubic  to body-centered cubic.  Unlike 
welds in ferri t ic s t e e l s ,  aus ten i t ic  s t a i n l e s s  steel 
welds do not undergo allotropic transformations and, 
therefore, cannot b e  affected in  th i s  way. 

mechanical properties of weld metal in such  an alloy 
is to change the mode of solidification. To eva lua te  
the  influence of weld energy input  on the  solidifica- 
tion mode in tungsten-arc welds ,  a cursory bead-on- 
plate study was  undertaken, u s ing  welding conditions 
producing 10,000, 20,000, and 40,000 j/ in.  Type  308 
s t a i n l e s s  s t e e l  f i l ler  metal w a s  deposited on type 304 
s t a i n l e s s  steel b a s e  metal  by u s e  of a cold-wire feed 
mechanism. Obvious microstructural differences 
(i.e.,  dendrite spac ing ,  de l ta  ferri te distribution, e tc . )  
did indeed prevail; furthermore, microhardness s tud ie s  
indicated that strength differences should e x i s t  be- 
tween welds  made with the  three  energy inputs.  

T h e  program was  then extended t o  ac tua l  butt welds  
on highly restrained p la tes .  T h e  jo in t  des igns  were 
se l ec t ed  to provide both all-weld-metal and transverse 
(base  metal, heat-affected zone ,  and weld metal) 
specimens.  T h e  t ransverse  specimens and one  set 
of all-weld-metal specimens were made with one hea t  
of filler metal (W-1). A second  s e t  of all-weld-metal 
spec imens  w a s  made with a different hea t  of filler 
metal  (W-2). T h e  energy-input leve l  60,000 j / '  in .  was  
a l so  included. T h e  two fi l ler  meta ls  had essent ia l ly  
identical  de l ta  ferri te quant i t ies  (approximately 8%), 
as  determined from the  Schaeffler diagram. 

The  effect  of hea t  input on t h e  W-2 weld-metal 
microstructure is shown in F ig .  25.2. T h e  white 
phase  s e e n  in t h e s e  photomicrographs is aus ten i te ,  
while t he  darker and  more defined phase  is de l ta  
ferrite. T h e  approximate intercellular d i s tances  for 
the  microstructures a r e  7, 12 ,  16, and 20  p,  respec- 
tively, for the 10,000, 20,000, 40,000, and  60,000 
j/in. welds.  

amounts of each  p h a s e  were directly measured with 
the  quantitative television microscope (QTM). T h e  
resu l t s  indicated tha t  the ferri te leve l  for a given hea t  
input ranged from approximate 4 to  9% (the predicted 
value from the  chemical composition of the  filler wire 
was  8%). 

strength of both h e a t s  of weld metal  is shown in 
Fig.  25.3. The  welds  made a t  10,000 j / in.  a r e  ap- 

However, one  poss ib le  way of controll ing the  

In metallographic samples  of these  welds ,  relative 

The  ef fec t  of hea t  input on the  ult imate tens i le  

3A. L. Schaeffler, "Selection of Austenit ic Electrodes for 
Welding Dissimilar Metals," Welding J .  ( N . Y )  26, 601-s-  
620-s (November 1947) .  
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Fig. 25.2. E f fec t  of H e a t  Input on the Microstructure o f  

Type  308 Stainless Steel Weld Metal .  

ters: 220 amp, 12 v. 

E lec t r ica l  parame- 

proximately 10,000 p s i  stronger a t  room temperature 
than those  made a t  60,000 j/ in.  T h i s  advantage de- 
c reased  a s  the  t e s t ing  temperature increased .  

T h e  ductil i ty measurements for we lds  made with 
the  two h e a t s  of f i l l e r  metal  were qui te  similar a t  
both the  10,000 and  20,000 j/ in.  energy inputs.  How- 
ever,  they were conspicuously different for the  higher 
l eve l s  of hea t  input. At t he  40,000 value,  the  W - 1  
welds  had duc t i l i t i es  ( a s  measured by elongation) 
from 20 to  50% of that obtained for W-2. A metallo- 
graphic investigation showed tha t  t h e  W - 1  weld de- 
posited at 40,000 j/ in.  contained no ferrite. 

Weld metal deposited in  the  40,000 j/ in.  W - 1  weld 
showed a d is t inc t  loss of chromium. T h i s  lower 
chromium equivalent r e su l t s  in a dec rease  in t h e  
amount of de l ta  ferri te in the  weld metal; in confirma- 
tion, the  Schaeffler diagram indica ted  a nominal 
de l ta  ferri te leve l  of 3.5% in t h e  weld metal .  (It 
should be pointed out tha t  t h e  Schaeffler diagram is 
empirical and c a n  be  u s e d  only as a guide; it does  
not provide absolu te  values.)  

Our resu l t s  ind ica te  tha t  hea t  input  significantly 
affects the  mechanical properties of s t a i n l e s s  steel 
weld metal. T h i s  e f f e c t  is probably re la ted  to such  
fac tors  a s  intercellular d i s t ance  and ac tua l  de l ta  
ferrite content.  
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26. Zirconium Metallurgy 

P .  L. Rittenhouse M.  L.  P ick les imer’  

Several  a-zirconium a l loys  a r e  either in u s e  or 
exhibit good potential  for u s e  a s  fuel cladding, 
pressure  tubing, and structural  material in water- 
cooled or  -moderated nuclear reactors.  To achieve 
t h e  objec t ives  of advanced reactor des igns ,  t he  
strength of zirconium a l loys  must b e  increased  a t  
no c o s t  of neutron economy and their  corrosion 
properties and res i s tance  to hydrogen embrittlement 
must b e  improved. Our s tud ie s  of the  development 
and control of texture and t h e  effect  of texture on 
anisotropy of p l a s t i c  properties should permit u s  to 
obtain the  necessa ry  inc rease  in design strength. 
We are attempting to reduce corrosion r a t e s  by anodic 
treatments. T h e  s tud ie s  of texture and corrosion a re  
also appropriate to the  solution of the  hydrogen 
problem. 

STRESS ORIENTATION OF HYDRIDE 
IN ZIRCALOY 

P. L. Ri t tenhouse  

W e  precipitated hydride in Zircaloy-2 and  -4 
s t r e s sed  to 20,000 ps i  (e las t ic )  at cooling ra tes  of 
from 4 to  170°C/min. T h e  rate h a s  no measurable 
effect on the orientation of the hydride p la te le t s  
but c a u s e s  major differences in morphology. At 
4OC/min, la rge  intergranular p la te le t s  a r e  formed. 
T h e  p la te le t s  precipitated at  170°C/min a re  much 
smaller and many a re  intragranular. 

Other specimens were temperature cycled 
(100 --f 400 --f 100°C) under s t r e s s  (15,000 psi)  to 
alternately d i s so lve  and  precipitate hydride. We 
s a w  no change in  the  orientation of the  hydride 

‘Present address:  Southern Research  Ins t i t u te ,  Bir- 
mingham, Ala.  

pla te le t s  in specimens cyc led  1 ,  5, and  10 times,  
but dupl ica te  20-cycle t e s t s  resu l ted  in a signifi- 
cant i nc rease  in the number of p l a t e l e t s  oriented 
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Fig. 26.1. Hydr ide  P l a t e l e t  D is t r i bu t i on  in  Z i r c a l o y  

Tubing. 

the  tangent ia l  d i rec t i on  8 in ma te r ia l  WC-E i s  only h a l f  

as great as tha t  in a “random” mater ia l .  

re la t i ve l y  l i t t l e  d i f fe rence i n  hyd r ide  or ien ta t ion  w i t h  

and w i thou t  stress.  

The  concentrat ion o f  b a s a l  po les  pa ra l l e l  to 

There i s  

In WC-G the  basa l  po les  are t w i c e  

random” para l le l  t o  a, and there is a large d i f f e rence  

i n  the  or ien ta t ion  p rec ip i t a ted  under stress.  A random 

d is t r i bu t i on  o f  hydr ide  corresponds t o  a uni form norma- 

l i zed  po le  dens i ty  o f  1 , O .  

‘ I  
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perpendicular to t h e  s t r e s s  direction. Additional 
cycling, up to 88 cyc le s ,  did not i nc rease  the  per- 
cen tage  of p la te le t s  perpendicular to t h e  s t r e s s .  

We also examined t h e  distribution of hydride in 
15 lots of annea led  Zircaloy tubing. T h e  hydride 
w a s  allowed t o  precipitate either with or  without an 
applied elastic hoop s t r e s s  of 20,000 ps i .  In the  
uns t r e s sed  tubing, t h e  fraction of hydride p la te le t s  
at any  given orientation was  proportional to the  con- 
centration of basa l  p l anes  parallel  t o  t ha t  orienta- 
tion. The orientation of t h e  hydride precipitated 
under s t r e s s  was  unchanged relative to tha t  in un- 
s t r e s sed  specimens except  when there w a s  a n  ap- 
preciably greater than random concentration of basa l  
po le s  parallel  to t h e  tangential  direction ( s e e  F ig .  
26.1). 

I TEXTURE AND ANISOTROPY OF 
PROPERTIES IN ZIRCALOY 

P. L. Ri t tenhouse  

We h a v e  examined the  tex tures  developed in Zirc- 
aloy tubing fabricated b y  a variety of techniques.  
In tube-reduced material t he  texture obtained is in- 
fluenced dramatically by whether t h e  final reduction 
is accomplished by “ironing” or “sinking.” Heavy 
wall reduction with l i t t l e  diameter reduction (iron- 
ing) promotes a texture with b a s a l  po le s  parallel  to 
t h e  tubing radius. If, however, t he  diameter i s  re- 
duced more than the  wall  during t h e  final p a s s  (sink- 
ing), t h e  basa l  po les  a r e  tangent  t o  t h e  tube  wall. 

We demonstrated the  effect of tex ture  on p l a s t i c  
strain anisotropy of Zircaloy. 
s t r e s s e d  uniaxially, t h e  natural s t r a ins  that occur 
by diameter reduction (Eg) and wall reduction ( E R )  
a r e  inversely proportional to texture coefficients 
in t h o s e  directions.  (The  texture coefficient,  
TC(,,, 1), is t h e  concentration of basa l  po le s  par- 
allel t o  a direction expressed  a s  a multiple of that 
i n  a “random” sample.) T h i s  is demonstrated in 
Tab le  26.1 for f ive  lots of tubing. 

The strength of Zi rca loy  c a n  also b e  related 
directly to  texture. W e  show th i s  i n  Fig.  26.2. 
Both t h e  tension and compression y ie ld  s t rengths  
a r e  l inear functions of T C ~ o o o l )  parallel  to t h e  
test direction. 

Biaxial  yield loci have been generated for ma- 
t e r i a l s  of various textures.  We have  done t h i s  by 
severa l  methods including Knopp microhardness 
anisotropy, uniaxial  yield strength and strain ani- 
sotropy, and biaxial  testing. 

When tubing is 

Table  26.1. Relat ionship Between Texture 

Coeff ic ients and Strains in  Z i rca loy  Tubing 

Y-2  

E-1 

E-2 

R -2 

s-1 
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Fig ,  26.2. Correlation Between Y i e l d  Strength and 

Texture far Zircaloy.  ff;i and are the uniaxial  ten- 

sion and compression y ie ld  strengths respectively. T h e  

least-squares equotion for each set of data i s  shown. 

DETERMINATION OF THE ANISOTROPY OF 
YIELDING AND FLOW IN ZIRCALOY-2 

FROM A SINGLE  TEST^ 
P. L. Rittenhouse 

The- anisotropy of p l a s t i c  properties of Zircaloy-2 
is an  important consideration in its u s e .  A rapid 

*Abstract of paper accepted for publication in Journal 
of Nuclear Materials. 
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and s imple  method of eva lua t ing  and characterizing 
t h e s e  properties would b e  a valuable aid to  the  de- 
signer.  Experimental yield and s t ra in  da t a  on lo t s  
of Zircaloy-2 with varied crystallographic texture 
were u s e d  to  develop empirical correlations that 
r e l a t e  yield strength and strain behavior parame- 
t e r s .  T h e s e  correlations allow t h e  calculation of 
tension and compression yield s t rengths  and strain 
anisotropy cons tan ts  for t h e  principal fabrication 
directions from the  da t a  obtained in a s ing le  tes t .  
T h e  correlations a re  also valuable for material  
specification, quality control, and internal con- 
s i s t ency  checks  on experimental da ta .  

A YIELD STRESS AND PLASTIC STRAIN 
THEORY FOR ANISOTROPIC MATERIALS3 

D. C. Bogue4 

A y ie ld  s t r e s s  and p l a s t i c  strain theory is devel- 
oped for anisotropic materials showing t h e  Bausch- 
inger effect .  T h e  theory is a generalization of 
Hill’s anisotropic theory. T h e  quadratic (Hill) 
terms a r e  common to and predominate i n  both the 
yield s t r e s s  criterion and the  p l a s t i c  strain equa- 
t ions ;  there  a r e  additional cons t an t s  in both c a s e s ,  
which a r e  not interrelated. T h e  formulation is 
motivated b y  t h e  behavior of Zircaloy-2 and i s  
t e s t ed  with da t a  from highly textured material. 

PURIFICATION AND CRYSTAL GROWTH 

J. C. Wilson 

We have  performed routine zone-refining and crys- 
tal-growth operations on zirconium, hafnium, and a t  
l e a s t  15 other meta ls  and a l loys .  La rge  s ing le  
c rys ta l s ,  up to ‘/2 in.  wide x 8 in. long, were grown 
in  Zircaloy-2 and -4 by so l id  s t a t e  ( p  phase) zoning 
after quenching. W e  have  built a new zone  refiner 
and a so l id-s ta te  e lec t ro lys i s  apparatus and a re  
constructing an  ultrahigh-vacuum annea l ing  and 
quenching furnace. 

3 
Abstracted from ORNL-TM-1869 (July 1967). 

4Consultant from the University of Tennessee .  

DEFORMATION STUDIES OF ZIRCONIUM 
AND ITS ALLOYS 

D. 0. Hobson 

W e  have  deformed zirconium and zirconium alloy 
s ingle  c rys t a l s  in shea r  to force flow in  spec i f ic  
crystallographic p l anes  and directions.  Specimens 
oriented for { l O i O l  (1130) s l ip  y ie lded  a t  a very 
low s t r e s s .  Twinning w a s  not observed. Crys ta l s  
aligned for ( l o i l l (  1123) flow twinned profusely 
and did not yield until  t h e  s t r e s s  w a s  1 0  t imes  that 
for shea r  i n  the ( l O i O ]  (1130) specimen. We now 
be l ieve  that (1123) s l ip ,  if i t  ex i s t s ,  occu r s  only 
a t  high temperatures where deformation by twinning 
ceases. 

Several s ing le  c rys t a l s  of Zircaloy-2 and  -4 were 
loaded to  fracture in  uniaxial  t ens ion .  T h e  ult imate 
t ens i l e  strength for specimens oriented almost 
idea l ly  for ( l O i O l ( l l ? O )  s l i p  w a s  about 40,000 ps i .  
Accura te  modulus and  yield s t rength  va lues  a re  
being determined. Zircaloy-2 specimens fa i led  or  
fractured along a s ingle  s l i p  p lane ,  bu t  other s l i p  
t r aces  were seen .  Zircaloy-4 specimens showed 
every indication of duplex s l ip  and necked t o  a 
knife-edge before fail ing.  

ANALYSIS OF TEXTURES IN DEFORMED 
ZIRCONIUM SlNGL E CRYSTALS 

D. 0. Hobson 

To control texture in fabricated zirconium alloy 
products,  i t  is necessa ry  to know t h e  e f fec t  of var- 
i ous  fabrication procedures i n  developing t h e  final 
texture.  W e  a r e  us ing  x-ray and polarized light 
methods to follow the  texture changes  tha t  occur 
when spec i f ica l ly  oriented “perfect” tex tures  (sin- 
gle crys ta l s )  a r e  fabricated by rolling and drawing. 
In all ins tances ,  we have  been ab le  t o  identify t h e  
operative deformation sys t ems  and to  correlate the 
result ing textures with t h e  in i t ia l  o r ien ta t ions  of 
t h e  c rys ta l s .  By assuming tha t  twinning is respon- 
s i b l e  for texture change and that t h e  majority of the 
macroscopic s t ra in  occurs  b y  s l ip ,  w e  can  show why 
a texture t ends  to perfect a t  high fabrication reduc- 
t ions .  Ear ly  in t h e  fabrication, t h e  appropriate 
twinning sys t ems  will move t h e  average  specimen 
orientation to a position o r  pos i t ions  where t h e  s l i p  
sys t ems  a r e  subjec ted  to t h e  maximum resolved 
shea r  s t r e s s .  T h i s  texture will remain s t a b l e  to 
additional deformation by t h e  s a m e  fabrication 
technique. 
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. INCORPORATION OF IONS IN ANODIC OXIDE 
FILMS ON ZIRCONIUM AND THEIR EFFECT 

ON FILM BEHAVIOR' 

J. C. Banter6  

Transmiss ion  spec t ra  of anodically formed ZrO 
films show tha t  certain an ions  - such  as phosphate, 
sulfate,  and several  carboxylates - a r e  incorporated 
in these films when they a re  formed from solutions 
containing t h e s e  ions.  Furthermore, hydrous ZrO 
f i lms  result  from anodizing in strongly oxidizing 
electrolytes.  Films formed in many other solutions 
contain no incorporated ions .  F i l m  conductivity 
and th ickness  measurements ind ica te  that incorpo- 
ra ted  ions  increase  the  e lec t r ica l  r e s i s t ance  of the  
fi lms and also limit the i r  growth. We sugges t  that 
t h e s e  e f fec ts  a r i s e  from lowered r a t e s  of diffusion 
of e lec t rons  and oxygen atoms through t h e  films and  
that t h e  lowered diffusion r a t e s  resu l t  from the 
s p a c e  charge  created by the  incorporated ions.  

CORROSION OF HIGH-PURITY ZIRCONIUM 

I J .  C. Wilson 

We determined the  effect of crystallographic orien- 
tation on oxidation of zone-refined zirconium by ob- 
serving t h e  interference colors developed on s ingle  
c rys ta l  spheres .  F igure  26.3 shows earlier work 

on crys ta l  bar zirconium and a summary of our da t a  
for approximately t h e  same  conditions. 

hours in  steam at 5OOOC show the  features described 
by Wanklyn lo:  (1) regions of init ially rapid oxide 
growth, (2) interference color regions (slowly grow- 
ing oxide), and (3) micron-sized mounds of oxide 
(pustules) on t h e  interference color region. T h e  
rapidly growing oxide  corresponds to t h e  dark a reas  
in  F ig .  26.3d. We found tha t  t h e  pus tu le  density,  
distribution, and morphology a r e  related to the 
orientation of t h e  underlying metal .  After a rela- 
t ively short t i m e  most of t h e  weight gain occurs  by 
nonuniform oxide  (pustule) growth. 

Thermal oxidation produced a t  l e a s t  a fourfold 
variation in th ickness  with orientation, but f i l m s  
produced by anodic oxidation varied only 25%. For 
anodized films less than 1500 A thick the  f i lm var- 
iation pattern is similar to Fig. 26.3d, but a t  greater 
t h i cknesses  some differences occur. 

Spherical s ing le  c rys t a l s  oxidized for severa l  

'Abstracted from J. Electrochem. SOC. 114(5), 508-11 

6Consultant from Florida Atlantic University, Boca 

7J.  P. Pemsler,  J. Electrochem. SOC. 105, 315 (1958). 
'A. E. Bibb and J. R. F a s c i a ,  Trans. Met. SOC. AIME 

'J. N. Wanklyn, Am. SOC. Testing Mater. Spec. Tech. 

'OJ. N. Wanklyn e t  a l . ,  J. Electrochem. SOC. 110, 856 

(1967). 

Raton. 

230, 415 (1964). 

Publ. 358, 58 (1964). 

(1963). 
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Fig. 26.3. Qual i tat ive Comparison of Oxide Thickness a s  a Funct ion of Crystallographic Orientation. Zirconium 

oxidized (a) in air  a t  400°C by Pemsler, ( b )  in  water a t  36OoC by Bibb and Fasc ia ,  ( c )  in steam a t  5OOOC and 15 psi0 

by Wanklyn, and (d)  summary o f  our data for a l l  these conditions. Darker areas or points indicate thicker oxide. 

Ratio o f  thickest  to thinnest oxide i s  about 4 in our work. 
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We also determined the anisotropy of oxidation of 
zone-refined hafnium i n  a i r  a t  4OO0C and s team at 
50OoC. Figure 26.4 shows  that,  except for the 
a r e a s  noted in  t h e  caption, hafnium film th ickness-  
orientation behavior is similar to that of zirconium. 

zone-refined rod and from t h e  c rys ta l  bar zirconium 
s tock  u s e d  for refining to study t h e  effect of purity 
on oxidation. T h e  c rys ta l  bar s tock  oxidized heav- 
i ly  (100 mg/dm *) during three days  in  water a t  
360aC, but all of the  zone-refined specimens were 
still covered with a dark, protective oxide  f i lm.  We 
could  see under a microscope that there  were dif- 
fe rences  in oxide  morphology on specimens from 
different pos i t ions  along t h e  refined bar. In similar 
t e s t s  in steam a t  5OO0C, w e  observed weight ga ins  
differing threefold along t h e  refined bar. A s  the  

We corroded specimens from four regions of a 

difference in to t a l  impurity content from end to  end 
in t h e  refined bar is less than 50 ppm, t h e s e  tests 
show how extremely sens i t i ve  oxidation is to  im- 
purity content.  

OXIDATION INHIBITION BY PREANODIZING 

J. C. Wilson 

The weight gain of arc-melted crystal-bar zirco- 
nium exposed for 500 hr in  s team at 500°C and 15 
p s i a  can  b e  reduced b y  two-thirds by preanodizing 
in  phosphoric acid.  T h e s e  experiments were sug- 
ges t ed  by Banter’s observation 
in  phosphate-containing so lu t ions  were d isso lved  
more slowly into t h e  metal than f i l m s  produced in 
other solutions.  Banter la te r  found that phosphorus 
was  incorporated in to  t h e  anodic film and sugges ted  
tha t  t he  lowered dissolution r a t e  might improve oxi- 
dation r e s i s t ance  a t  higher temperatures.  

The da ta  in Fig.  26.5 show that a 120-v f i lm 
(3000 A thick) formed in  85% H,PO, significantly 
reduces  both t h e  oxidation ra te  and weight gain. 
Even a 30-v f i l m  (800 A) g ives  improved res i s tance .  
We took two of t h e  f ive  unanodized control speci-  
mens exposed for 268 hr  and anodized them a t  150  v 
in 85% H,PO,. Although only a negligible amount 
of oxide  could h a v e  formed, it provided sufficient 
protection to temporarily reduce  the  oxidation rate. 

Preanodizing in 1% aqueous KOH also gave  mea- 
surable  protection, but w e  suspec t  that  transfer of 
phosphorus in  t h e  corrosion appara tus  may have  
affected t h e s e  results.  This is t h e  first reported 
in s t ance  of a n  anodic film protecting zirconium from 
oxidation in  t h e  thick-film region. Other workers 
have  reported that anodic fi lms have  n o  effect  l 3  or 
dec rease  the oxidation r e s i s t ance  of zirconium. l 4  

imens ind ica t e s  tha t  the anodic f i l m  is ef fec t ive  in 
reducing loca l ized  oxide  growth at pus tu les ,  on 
grain boundaries,  and a t  hydride. Preanodizing also 
seems to  reduce the  growth r a t e  or retard t h e  break- 
down of t he  uniform oxide  film in to  pus tu les .  

that  f i l m s  formed 

T h e  appearance  of t h e  oxide  on preanodized spec-  

Fig. 26.4. Oxidized Hafnium Single-Crystal  Sphere. 

This 1-cm-diarn sphere was oxid ized for 24 hr in steam 

at 5OO0C and 15 psia. 

Fig. 26.3 i s  outl ined by dashed l ines. 

areas indicate orientations where hafnium forms a th ick  

oxide but zirconium does not. 

the anisotropy of  oxidation is  similar in hafnium and 

zirconium. 

T h e  stereographic triangle of  

T h e  stippled 

Except  in these areas, 

J. C.  Banter, Electrochem. Technol. 4, 237 (1966). 
J. C. Banter, J. Electrochem. SOC. 114, 508-11 

11 
12 

(1967). 

Gas P h a s e  React ions of Zirconium by Anodic Oxide 
Films. P a r t  I ,  AERE-M/R-1040 (1952), and The Inhibi- 
tion of Gas P h a s e  React ions of Zirconium by Anodic 
Oxide Films. Part  I I ,  AERE-M/R-l04OA (1953). 

14C. F. Britton, J.  F. Authurs, and J. N. Wanklyn, 
J. Nucl. Mater. 15; 263 (1965). 

1 3 J .  J. Polling and A. Charlesby, The Inhibition of 

. 
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F ig.  26.5. Weight Gain for Ox id i zed  Crys ta l  Bar Zirconium. These curves show we igh t  ga in a s  a func t i on  o f  
t ime for arc-melted c rys ta l  bar z i rconium (vacuum annealed 4 h r  a t  80OoC) s t r i p  ox id i zed  in steam a t  5OO0C and 15 
psio.  A l l  specimens were e lec t ropo l i shed  i n  2% HCIO4 i n  methanol  a t  -7OOC.  The  we igh t  ga in  o f  unanodized spec i -  

mens a t  500 hr i s  three t imes t h a t  of meto l  anodized i n  H3P04. Anod iz ing  so lu t i ons  were concentrated (85%) H3P04  
and 1% aqueous KOH. 
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Part IV. 

Reactor Development Support 

Note: T h e  program LMFBR Cladding and Struc- 
tural Materials Development is combined 
with the  c lose ly  related Mechanical 
Propert ies  Research in Par t  111, Chap. 21. 

. 





27. BONUS Reactor Fuel Element Development 

E. A. Franco-Ferreira 

At the  reques t  of t h e  USAEC, a modest effort h a s  
been under way for t he  pas t  2.5 years  in support of 
the  Boiling Nuclear Superheat (BONUS) Reactor.  r 2  

The  main objec t ives  have  been: (1) t o  find the  
source  of fission-product leakage  a s  well as to  
es tab l i sh  the  nature and ex ten t  of damage to 
Inconel-clad UO, fue l  components that  failed in  
service;  (2) to dev i se  design and manufacture 
modifications to prevent recurrence of failure and 
to demonstrate t h e  feasibil i ty of these  changes by 
rebuilding a failed unit  for tes t ing  in  the  reactor 
core; j 4  (3) t o  a s s i s t  i n  specification revision and 
to provide needed materials research, development, 
and trouble shoot ing  for Oak Ridge Gaseous Dif- 
fusion P l a n t  (ORGDP) in  the  t a sk  of fabricating a 
number of advanced superheater assembl ies  for re- 
actor se rv ice ;  (4) to consult  and advise  on tech- 
n ica l  problems a s soc ia t ed  with the  malfunction of 
other reactor components, such  as  control rods and 
the  preheater-drier piping system; and (5) to evalu- 
a t e  and s e l e c t  new engineering materials for con- 
struction of superhea ter  fuel assemblies.  All 
major support ac t iv i t ies  a re  expected to b e  c o m -  
pleted by November 1 ,  1967. 

'J. E. Cunningham, Metals a n d  Ceramics Div. Ann. 
Progr. Rept. June 30, 1965,  ORNL-3870, pp. 293-99. 

'G. M. Slaughter and G. M. Adamson, Jr., Metals a n d  
Ceramics Div. Ann. Progr. Rept.  June 30, 1966,  ORNL- 
3970, pp. 141-45. 

J. E. Cunningham, E. L. Long, E. A. Franco- 
Ferreira, and D. G. Harman, BONUS Reac to r  Superheater 
Fue l  Assemblies  - An Investigation of Failure  a n d  
Method of Correction, ORNL-3910 (December 1965) .  

4G. M. Slaughter, E. A. Franco-Ferreira, E. C. 
Kirstowsky, K. K. Klindt, E. L. Long, Jr., and G. M. 
Tolson, Fabrication of Rebui l t  BONUS Reactor  Super- 
heater  F u e l  Assembly, ORNL-4072 (June 1967).  

3 

TECHNICAL ASSISTANCE TO ORGDP 

E. A. Franco-Ferreira G. M.  Slaughter 
L. C. Williams 

Technica l  a s s i s t a n c e  i s  being given to ORGDP 
in revising spec i f ica t ions ,  procuring material, and 
developing fabrication and inspection procedures 
for eight advanced superheater fuel assembl ies .  
Much of the  spec i f ica t ion  and procurement work 
was accomplished during FY 1966 and h a s  been 
previously reported. 
in the  a rea  of direct  a s s i s t a n c e  on the  ac tua l  
fabrication operations for t he  eight fuel as- 
semblies.  Most of the  innovations being used  on 
these  a s sembl i e s  evolved during the  rebuilding4 
of BONUS Superheater Fue l  Assembly No. 29. A 
few of the  ac t iv i t i e s  assoc ia ted  with th i s  support  
program will  b e  outlined below. 

More recent work h a s  been 

Fuel Rod Spacer Brazing 

Studies were conducted to  optimize procedures 
for t he  brazing of f ive  triangular sheet-metal 
space r s  on e a c h  of the  32  fuel cladding tubes  
required in t h e  assembly. Both the  tubes  and 
space r s  were made of Incoloy 800, a high-nickel 
aus ten i t ic  alloy (nominally containing 21% Cr, 
34% Ni, and ba lance  Fe). Th i s  work included the  
specification of a su i tab le  time-temperature c y c l e  
for brazing, t h e  optimum method of brazing alloy 
preplacement, and the  se lec t ion  of an outs ide  
vendor capab le  of performing the  job  satisfactorily.  

Since the  Incoloy 800 material also conta ins  ap- 
proximately 0.5% to ta l  aluminum plus  titanium, a n  
extremely dry hydrogen atmosphere is needed to 
achieve adequate  wetting and flow of the  Ni-Cr-P 
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brazing alloy. T h e  search  to find a qualified 
vendor involved tes t ing  job samples  from f ive dif- 
ferent p lan ts  before a vendor was found who could 
provide an  atmosphere of sufficiently high quality. 
Once a su i tab le  vendor was  found, the  brazing 
operation w a s  carried out  sat isfactor i ly  with a 
v e T  high yield rate. A cross-sectional view of a 
typical tube-to-spacer braze is shown in Fig.  27.1. 

F u e l  Rod End-Cap Welding 

T h e  joint d e s i g n s  and welding procedures for 
welding t h e  upper and lower Incoloy 800 end c a p s  
into the fue l  c ladding tubes  were based on de- 
velopments during t h e  rebuilding4 of Assembly 
No. 29. Only s l igh t  changes  in  welding parame- 
ters  were necessary  to adapt the  original proce- 
dures, developed for Inconel 600, to  the  Incoloy 
800 joints. 

Pressure-Shell Assembly Brazing 

In the rebuilding of Assembly No. 29, the origi- 
nal  pressure s h e l l  built by Combustion Engineering 
was reused. T h i s  brazed unit, however, had some 
weak points  tha t  could profitably be eliminated in  
new construction to  gain additional life. One such  
weakness  was  the  e x c e s s i v e  runoff of brazing 
alloy shown in Fig.  27.2. T h i s  particular view 
shows the  underside of the  lower tube shee t  and 
de ta i l s  of t h e  pressure-tube-to-tube-sheet joints .  

Some b a s i c  improvements were made in the  
original design,  but before adoption their worth 
was demonstrated on a job  sample. The  f i rs t  of 
these  changes w a s  welding the  pressure tubes  to 
the bottom s i d e  of the  lower tube shee t ,  thus 
anchoring them in p lace  and preventing any run- 
through of brazing alloy. Small s t a i n l e s s  steel 
rings were placed around each tube on the  bottom Fig. 27.1. Cross Section o f  a T y p i c a l  BONUS Spacer- 

to-Tube Brazed Joint. 5 x .  A s  polished. Reduced 17%. 

Fig. 27.2. Bottom V i e w  of Lower  Tube Sheet from Assembly No. 29 Pressure Shell. 

alloy run-through. 

Note  excessive  brazing 
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‘ 1  I 

. 

s i d e s  of the  jo in ts  between the  tubes and the  
cooling pan and upper tube sheet .  T h e  purpose of 
t h e s e  rings was  to provide enough extra  capi l lar i ty  

to control run-through on the upper joints ,  which 
could not b e  welded on one s ide.  A view of t h e s e  
rings on the  job sample prior to  brazing is shown 
in Fig.  27.3. An additional control exercised 
over the  quali ty of the  brazing job Was to specify 
c l o s e  tolerances on joint fitup, amount of brazing 
alloy preplaced on e a c h  joint, and the duration 
and temperature of the  brazing cycle.  

A prototype pressure-shell  assembly incorpo- 
rating t h e s e  improvements was successful ly  brazed 
at  the plant of an outs ide vendor. Figure 27.4 
shows the  tube-to-tube-sheet welds on the lower 
s i d e  of the bottom tube shee t  on th is  prototype, 
while Fig.  27.5 is a n  overall  view of the  prototype 
in the assembly j i g  with all but the l a s t  8 of its 
32 tubes instal led.  

areas  include examination of spacer-to-tube brazed 
joints ,  fuel cladding, and the several  welds in  t h e  
fuel, coolant,  and pressure tubes.  Our technique 
for inspect ing t h e  brazed jo in ts  is reported here.  

Fig. 27.3. Underside o f  Upper Tube Sheet and Cooling 

Pan from Improved Pressure Shell Job Sample. Note  

stainless steel rings around tubes to  control brazing 

alloy run-through. 

NONDEST RUCTl VE T EST1 NG DEVELOPMENT 

K. V. Cook 

Nondestructive tes t ing  s tudies  are being con- 
ducted to  develop improved techniques for in- 
spect ing the  BONUS fuel elements.  T h e  problem 
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We have developed and successful ly  applied an  
ultrasonic through-transmission method to  eva lua te  
the fuel-tube-to-spacer jo in ts  for nonbonding. T h i s  
technique u s e s  a scanning  procedure with a very 
narrow rectangular beam of ultrasound to  inspec t  
the ent i re  bond width in  incremental s t e p s  along 
i t s  length.’ 

to  s e l e c t  a reference braze joint of sound quality. 
Strip-chart records from a l l  other inspected j o i n t s  
were arbitrarily compared to  th i s  joint .  Figure 
27.6 compares typical  recordings obtained for a 
relatively good joint  and a rejectable  joint as well  
a s  the “peeled” jo in ts  after spacer  removal. T h e  
nonbond s igna l  appears  a s  an upward deflection of 
the recorder pen, and i t s  amplitude and t race  length 
are related to  the amount of nonbonding. Ultrasonic  
diffraction by t h e  e d g e s  of the spacer  a l s o  appears  
a s  upward def lect ion s ignals .  Data for jo in ts  con- 
taining bonds ranging from 25 to  95% correlated 
well with des t ruc t ive  “peel”  tes t s .  

After demonstrating feasibi l i ty ,  we inspected 
approximately 350 production fuel tubes containing 
15 jo in ts  per tube. Each t ransverse sec t ion  through 
the tube and at tached spacer  should intersect  at 
least 0.040 in. of bond at each  of the  three joints .  
Since our beam w a s  approximately 3/8 by t/l in., 
any bonding within it that would allow ident ical  
ultrasound t ransmission as that for a 0.040-in. 
t ransverse s t r ip  by ,-in.-width bond was  ac- 
ceptable.  A decibel  (db) attenuator w a s  incorpo- 
rated to inser t  known attenuation values  to  s imula te  
various braze conditions.  In addition, a joint  con- 
taining a small  nonbond was  a l s o  used to e s t a b l i s h  
sensi t ivi ty  l e v e l s  prior to  the actual  inspect ion.  

After developing the technique and calibration 
procedures,  we modified our chain-drive tubing- 
inspect ion tank6 to  allow a relatively fast in- 
spect ion of the tube-to-spacer joints .  W e  removed 
the chuck rotation drive chain and replaced t h e  
tubing guides with a Teflon “V” groove s l ide.  
Figure 27.7 shows  the  dolly assembly with a 
BONUS fuel tube in  place.  T h e  s p a c e r s  fit t h e  
groove in  the  Teflon guide and automatically a l ign 
themselves  as they s l i d e  into it. T h i s  alignment 
is assured  by t h e  spring-loaded wheel shown on 
the left of the  search-tube-and-transducer assembly 

Preliminary s c a n s  were run on a number of jo in ts  

Fig. 27.5. Overa l l  V i e w  of Prototype Pressure Shell 

in Assembly Jig. 

’K. V. Cook, Metals  and Ceramics D i v ,  Ann. Progr. 

6R. B. Oliver ,  R. W .  McClung, and J. K .  White, Non- 
Rept .  June 30, 1966, ORNL-3970, p. 144. 

destruct ive  Tes t ing  15, 140-44 (1957). 
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Fig. 27.6. Correlation of Ultrasonic Trace wi th  ' 'Peel" T e s t s  for Fuel-Tube-to-Spacer Brazed Joints. ( a )  Sound 
joint. ( b )  Unsound joint. 

L 

(Fig. 27.7). Directly under the  wheel is a partial  
spacer  attached to  a short  fixed tube to  se rve  as a 
tail stock. T h e  oppos i te  end is similar except  t he  
tube is held by the  chuck normally used for tubing 
inspection. Since the  drive chain to  the  chuck h a s  
been removed, t h i s  end is free to rotate sl ightly,  
allowing automatic alignment of the  space r s  in the  
Teflon guide. T h e  partial  spacer  arrangements 
allow rapid loading and unloading of the  tubes.  

The  dolly p a s s e s  a long the  fuel tube length 
three times, inspec t ing  one joint  on each  of the  
five space r s  on each  pass .  Figure 27.8 shows 
the external transducer and the  inner probe as the  

. 

lat ter en ters  a tube-to-spacer mockup assembly. 
Th i s  mechanical  system w a s  used for our in i t ia l  
studies;  however, the  same transducer arrangement 

is required in t h e  tubing-tank facility. Of course ,  
the  internal probe must b e  mechanically coupled 
to the  same drive cha ins  that translate the  dolly 
to a s su re  s imultaneous probe and external trans- 
ducer (or dolly) movement. 

W e  have  inspec ted  approximately 400 tubes  (over 
6000 joints) and de tec ted  various braze conditions.  
The  scanning  speed  was  about 60 in./min; each  
tube requires approximately 15 min. About half of 
the time consumed is necessary for plug gaging, 
handling, and generating permanent s t r i p c h a r t  
recordings. At least one  joint  was  rejected per 
tube on the  first  joints;  however, after the  ultra- 
sonic  test w a s  used  t o  select the vendor, the  
quality improved greatly so very few tube re jec t ions  
were necessary .  
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Fig. 27.7. Tubing Tank Dol ly  Modified for Nonbond Inspection of Tube-to-Spacer Brazed Joints. 

WELDABILITY TESTING OF SUPERHEATER 
MATERIALS' 

G. M. Slaughter 

Rensse laer  Poly technic  Inst i tute  is tes t ing  weld- 
ability o n  three m a t e r i a l s  of interest  for a variety 
of superheat  appl icat ions,  Inconel 600, Incoloy 800, 
and Hastel loy X. A large portion of th i s  work con- 
cerns  the tes t ing  of both commercial and spec ia l ly  
processed hea ts .  A description of progress in  th i s  
phase  of the  program is presented in Part 111, Chap. 
25 of th i s  report. 

Another p h a s e  of t h e  work concerns the evalua- 
tion of newly devised  t e s t s  for weldability. T h e  
VARESTRAINT t e s t  used for the program mentioned 
above h a s  been shown to be very useful in  deter- 
mining relat ive weldabili ty and hot-cracking sus- 
ceptibility of a wide range of m a t e r i a l s 8  T h e  

'Performed under subcontract at Rensselaer Poly- 
technic Institute under supervision of W. F. Savage and 
C. D. Lundin, Department of Materials Engineering. 
Subcontract is funded jointly with Fuels  and Materials 
Branch of DRDT, AEC, Washington. 
'W. F. Savage and C. D. Lundin, "The Varestraint 

Test ," Welding J .  (N. Y.) 44 ( lo) ,  433-s-442-s (1965). 

F ~ ~ .  27.8. preliminary scanner system Showing the 

Ultrasonic Probe Transducer Entering the Bore of a 

Tube-to-Spacer Mockup Assembly. 

. 

. 
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SHIM INSERT 

TACK WELD COVER PLATE 
(SAME COMPOSITION AS 
BASE 

Fig. 27.9. Modified V A R E S T R A I N T  T e s t  Specimen with “Shim” Insert. 

* 

‘/z x 2 x 1 2  in. specimens required for the  t e s t ,  
however, a r e  qui te  large,  considering the  expense  
of the  spec ia l ly  formulated and processed  h e a t s  
required by the  ORNL-funded program. 

A s  one  means of minimizing the  cos t  and time 
de lays  in preparing relatively large amounts of t h e  
spec ia l  alloys,  Rensse l ae r  h a s  developed the  

type. We hope tha t  t h i s  t e s t  will fac i l i t a te  t he  
evaluation of minor compositional e f fec ts ,  and, i n  
addition, s imula te  the  conditions of multipass 
welding. 

GENERAL ADVISORY ASSISTANCE modified VARESTRAINT t e s t  specimen shown in  
Fig.  27.9. T h e  body of the  specimen i s  composed 
of a commercial hea t  of material, while t he  “shim 
insert” i s  composed of t he  base  composition and 
varying amounts of minor elements.  As  the  welding 
arc p a s s e s  over t he  insert ,  i t  i s  melted and fused  
into the  body of t he  specimen. Thus ,  by a factorial  
experiment, the  individual and combined e f f ec t s  of 
severa l  e lements  a t  various leve ls  of contamination 
can be determined. 

A second-generation VARESTRAINT-type device ,  
nicknamed t h e  TIG-A-MA-JIG, h a s  also been de- 
signed to uti l ize the  good points of i t s  p redecessor  
and to add severa l  refinements. T h e  b a s i c  princi- 
p l e s  of operation are similar to the  VARESTRAINT 
tes t ;  however, t he  specimen i s  considerably smal le r  
and the  weld i s  of the  stationary g a s  tungsten-arc 

G. M. Slaughter 

Continuing advisory a s s i s t ance  is being provided 
to the  BONUS Pro jec t  in such  f ie lds  as  mater ia l s  
selection and s team corrosion. Inconel 600 w a s  
recommended as t h e  material to be  used  i n  t h e  re- 
placement BONUS Reactor preheater-dryer piping 
installation. T h i s  recommendation was  based  on  
serv ice  conditions,  recent steam-corrosion research ,  
general availabil i ty,  and overall  fabricability. 

Review of reports concerning superheated steam- 
corrosion da ta  throughout t he  world i s  continuing. 
In t h i s  way, t h e  exper iences  of others with a wide 
variety of advanced superheat materials can  b e  
used to advantage.  
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28. Desalination 

E. A. Franco-Ferreira 

The  desalination program at ORNL cons i s t s  of 
two main a reas  of interest .  One concerns  the reac- 
tor and the  other the  disti l lat ion plant. T h e  prob- 
l e m s  relating to the  hea t  source  a re  under the  
cognizance of the  AEC, while the  evaporator- 
condenser is under the direction of the  Office of 
Saline Water in the  Department of t h e  Interior. 

W e  analyzed the costs of fabricating and us ing  a n  
unclad uranium metal fuel element in a desalination 
reactor plant. We also worked on the design and 
construction of a p iece  of experimental apparatus 
to t e s t  a method of producing th i s  fue l  element. 

BARE-METAL FAST BREEDER FUEL 
REFABRICATION STUDY 

A. E. Goldman T. N. Washburn 

W e  studied the  economics of refabricating a bare- 
metal fuel element for a low-temperature f a s t  breeder 
reactor for desalt ing.  T h e  hexagonal fuel s l u g  pro- 
posed for th i s  reactor concept  is shown in Fig.  28.1. 
Primary effort was  expended on economic evaluation 
of potential  fuel refabrication methods, because the  
anticipated short  exposure (8000 Mwd/tonne max) 
of unclad uranium-plutonium-fission-product alloy 
sugges t s  that  t he  c o s t  of refabrication would b e  a 
significant portion of the  total  fuel cyc le  cos t .  

A refabrication rate of 1230 k g  per calendar day  
would be  required for a 10,500 Mw(therma1) reactor 
complex. Detailed s tud ie s  were made of processes  
involving melting in 3 graphite crucible under a 
halide s l a g  and either (1) ca s t ing  into a permanent 
molybdenum alloy mold or an expendable graphite 
mold or (2) ca s t ing  as a so l id  ingot and subsequently 
machining finished fuel s l u g s  from the  ingot. Sev- 

eral other p rocesses  were reviewed in a more 
cursory fashion. C o s t  es t imates  for t h e  p rocesses  
ranged from $11.50/kg for t he  shaped mold methods 
to $21.50/kg for the  cas t ing  and machining process.  
The eva lua t ions  involved e s t ima tes  of manpower, 
cap i ta l  equipment, f lowshee ts ,  consumable ma-  
t e r ia l s ,  and  operating costs. 

R EM0 T E F AB RI  CAT ION 0 F D ESAL IN AT ION 
REACTOR FUEL ELEMENTS 

C. W. Dean 
F. H. Pa t te rson '  

R. E. McDonald 
E. A. Franco-Ferreira 

The  complex uranium alloy body shown in  Fig.  
28.1 h a s  been chosen as a su i t ab le  configuration 
for a desalination reactor fuel. We a r e  attempting 
to develop a fabrication process  tha t  would produce 
these  bodies economically us ing  remote facilities. 
Consideration of s p a c e  requirements, overall  costs, 
and reproducible quali ty of the  end product led u s  
to the  choice  of a n  elevated-temperature d i e  cast- 
ing  technique for t h e  production of t h i s  fue l  body. 

We designed the  d i e  cas t ing  machine t o  opera te  
remotely a t  a maximum d ie  temperature within the 
range 800  to  900'C in an  inert  or vacuum environ- 
ment. T h e  cas t ing  machine components a r e  ma- 
chined from the  molybdenum alloy TZM and a r e  
internally cooled by liquid metal. Reactor Division 
personnel have  designed and fabricated t h e  liquid- 
metal cooling sys tem to be  used  in conjunction with 
the cas t ing  machine. To da te ,  all components have  
been machined and assembly is in progress. A view 
of the  partially completed core-finger b a s e  with i t s  

'Present  address,  Battelle Memorial Insti tute,  
Columbus, Ohio. 

. 
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Fig. 28.1. Bare-Metal Fue l  Element for F a s t  Breeder-Desalination Reactor. 

F ig .  28.2. Part ia l ly  Completed Core-Finger Base 

Showing the Internal Cooling Tubes for Each Hexagonal 

Core-F  inger. 
b 

coolant tubes is shown in Fig.  28.2. Some unex- 
pected difficulty h a s  been experienced in j0inir.g 
of the  TZM parts. Radial  and circumferential 
cracking was encountered in  welding some of t h e  
thick wal ls  to  thin walls.  We have taken remedial 
action and ant ic ipate  tha t  the machine will be com- 
pleted and used to evaluate  the  d i e  c a s t i n g  tech- 
nique a s  a plausible means of fabricating th i s  
complex s h a p e  of uranium-bearing material. 



29. Evaluation of Hastelloy N for SNAP-8 Service 

H. E. McCoy, Jr .  J .  R. Weir, Jr. 

T h e  SNAP-8 is an electrical-generating sys tem of material in severa l  metallurgical conditions were 
being developed for u s e  in future s p a c e  vehicles.  used .  T h e  fracture ducti l i ty i s  shown a s  a function 
T h e  reactor is NaK cooled, fueled and moderated of s t ra in  ra te in  F ig .  29.1; both c reep  and t ens i l e  
with zirconium hydride containing 2 3 5 U ,  and re- t e s t  resu l t s  a r e  included in th i s  plot .3 At 65OOC the  
flected with beryllium. T h e  fuel element u s e s  ducti l i ty depended upon s t ra in  rate; fracture s t r a ins  
Has te l loy  N a s  a cladding material, and some con- of up  to  11% were obtained i n  a slow-strain t ens i l e  
cern h a s  developed over the  mechanical properties of tes t .  At 76OOC the  fracture ducti l i ty was  only 1 .0  to 
Hastelloy N in  a nuclear environment. Our previous 1.5% in a tens i le  t e s t  but did not dec rease  much 
work h a s  shown tha t  t h i s  material  was  sub jec t  t o  a further with decreas ing  s t ra in  rate.  Fo r  both t e s t  
type of high-temperature radiation damage that re- temperatures the  ducti l i ty went  through a minimum 
sul ted  in reduced rupture l i fe  and ductil i ty.  Al- of about 0.5% at a s t ra in  rate of about 0.5%/hr. A s  
though these  changes  a r e  undesirable,  they do not  t h e  s t r e s s  decreased  with an  attendant dec rease  in  
necessar i ly  rule out t he  u s e  of a material. Hence ,  the strain rate,  t he  rupture ducti l i ty increased  so 
one  of our ro les  in t h i s  program h a s  been to determine s t r a ins  of a few percent were obtained a t  low strain 
the  magnitudes of the  property changes during irradia- rates.  T h e  ducti l i ty of unirradiated specimens 
tion, so  tha t  t h e  des igners  c a n  dec ide  whether ranged from 15 to  30% for all t e s t  conditions investi-  
Has te l loy  N c a n  b e  uti l ized in a nuc lear  sys tem of gated. Other significant conclus ions  from t h e s e  ex- 
the  proposed type. A second objective w a s  to s e e k  periments are: 

1. At 76OOC the  rupture l ife was  decreased  by irra- ways  of improving the  properties by thermal- 

diation about two orders of magnitude at high mechanical treatments or  by changes  in  alloy com- 

s t r e s s e s .  T h e  stress-rupture curves for irradiated position. T h i s  program is c lose ly  related to part  of 

and unirradiated specimens converged slightly the  work descr ibed  in Chap. 34, Molten-Salt Reactor 
Program. Related electron microscopy is reported in with decreasing stress. 
Pa r t  I, Chap. 5 of th i s  report. 

2. At 760°C, the  minimum creep  rate a t  high s t r e s s e s  T h e  first  experiments on s tandard  vacuum-melted w a s  reduced by irradiation but was  the  same for Has te l ioy  N involved s m a l l  t ens i l e  specimens with irradiated and unirradiated specimens a t  s t r e s s e s  
a gage  sec t ion  ‘/B in.  diam x I’/s in.  long  that were below about 10,000 psi .  
irradiated and then subjec ted  to t ens i l e  and creep  
t e s t s .  T h e s e  specimens were irradiated to a thermal 
dose  of 2.3 x lo2’ neutrons/cmz a t  650 and 760°C 
and t e s t ed  at t h e  irradiation temperature. Two heats 

W. R. Martin and J. R. Weir, “Effect of Eleva ted  Tem- 1 

perature Irradiation on the Strength and Ductility of the 
Nickel-Base Alloy, Hastelloy N,” N u c l .  Appl. 1, 160 
(1965). 

*W. R.  Martin and .I. R. Weir, “Postirradiation Creer, 
and S t r e s s  Rupture of Hastelloy N,” Nucl .  Appl. 3, 167 
(1967). 

3. At 650”C, the  rupture life w a s  decreased  by irra- 
diation only about o n e  order of magnitude, and 
sufficient da t a  were not available to make a con- 
clusion about convergence a t  low s t r e s s e s .  

4. At 65OoC, t h e  minimum creep  rate was  unaffected 
by irradiation. 

3The metallurgical conditions identified symbolically 
on the graph will  b e  explained by H. E. McCoy, Jr., 
E f f e G t s  of Zrradiation on the Mechanical Properties of Two 
Vacuum-Melted Hea t s  of Haste l loy  N ,  report in preparation. 

160 
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STRAIN RATE (% /hr) 

Fig .  29.1. Fracture Duct i l i t i es  for Hostel loy N Under Several T e s t  Conditions. 

5. None of the  metallurgical variables studied (two 
h e a t s  and various metallurgical s t a t e s )  appeared 
to  significantly a f fec t  t he  postirradiation proper- 2. The rupture strains decreased from 
ties. 

rupture curves of the  irradiated and unirradiated 
materials remained parallel .  

values of 7 to  10% for t he  unirradiated tubes to  
0.1 to  2% for the irradiated tubes.  Since the  serv ice  application involves tubes about 

V2 in. in diameter, we ran severa l  experiments where 3. T h e  creep rates were estimated and appeared to 
tubes were pressurized in the  reactor. T h e  failure 
t ime  and the  s t ra in  a t  fracture were obtained by th i s  
technique. The  thermal flux w a s  4 x 10 l 3  neutrons 
cm-’ sec-’, and the  temperature was  760OC. Sev- 
era1 significant observations were made in th i s  study. 
1. T h e  rupture l i fe  was  reduced by about an  order of 

of t he  order of 10  ’* neutrondcm’.  

b e  unaffected by irradiation. 

The  resu l t s  of t he  tests on rods and tubes  were 
compared. The  differences in properties could be  
accounted for on the  b a s i s  of differences in s t r e s s  
state and dose  at the t i m e  of failure. 

The properties of Hastelloy were improved 
magnitude when the thermal-neutron dose  w a s  only nificantly by s l igh t  changes  in chemical compogition. 

The  s t r e s s -  Additions of about 0.5% ~ i ,  z r ,  and Hf were studied 
individually, and each  produced improved properties 

4H. E. McCoy, Jr. ,  and J. R. Weir, Jr., In- andEx-Reac tor  under SNAP-8 operating conditions.  T h e  de ta i l s  of 
this work a re  d i scussed  in Chap. 34. 

Stress-Rupture propert ies  of Has te l loy  N Tubing, ORNL- 
TM-1906 (to b e  published). 



30. Fuel Assistance and Procurement 

R. J.  Beaver  

T h i s  program w a s  init iated in  the  la t ter  part of 
this f i s ca l  year  with the object ive of a s s i s t i n g  the 
Division of Reactor  Development, Washington, D.C., 
in their  engineering management of t e s t  and research 
reactor fuel  fabrication. T h i s  a s s i s t a n c e  includes 
efforts to  s tandardize specif icat ions,  review techni- 
cal requirements of procurement packages,  and 
participate in fuel procurement as  well  a s  quali ty 
control audi ts  of fuel  fabricators.  

During the  current f i s c a l  year ,  spec i f ica t ions  for  
the Engineering T e s t  Reactor  and  the  Advanced 
T e s t  Reactor  fuel  e lements  were reviewed, spec i f ic  
a s p e c t s  of PM type 4 cote procurement were evalu-  
a ted,  and technical  l ia ison and inspect ion were 
conducted in the procurement of fuel e lements  for 
the Air Force  Nuclear Engineer ing Test Reactor.  

162 
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31. Gas-Cooled Reactor Program 
J .  H. Coobs 

Our materials effort  in support of the  Gas-Cooled 
Reactor Program is directed primarily toward de- 
velopment of unclad ceramic fuel e lements  for high- 
temperature gas-cooled converter reactors (HTGR’s), 
such  a s  the Fort  St. Vrain Reactor  being designed by 
General Atomic for Publ ic  Services Corporation of 
Colorado. Such elements  fueled with (Th,U) 0, or 
(Th,U) C,  offer dist inct  advantages  for high-tempera- 
ture operation and neutron economy. Proposed proto- 
type elements  cons i s t  of prismatic graphite b locks  
containing coated-particle fue ls  and are designed t o  
retain much of the  fission-product activity within the  
fuel element to  simplify maintenance. 

Our program cons i s t s  principally in refining the  
technology for deposit ing pyrolytic carbon coatings 
and preparing and tes t ing  pyrolytic-carbon-coated 
oxide and carbide fuel par t ic les  and coating materials. 
A subs tan t ia l  part  of t h i s  effort h a s  involved pre- 
paring and characterizing coa ted  fuel particles for 
numerous irradiation t e s t s .  Resu l t s  from three such  
experiments are included. The  tes t ing  of coating 
materials and coated par t ic les  by heat treatment h a s  
continued, and resu l t s  from fast-neutron irradiation 
experiments on pyrolytic carbons h a s  a s s i s t ed  in 
understanding t h e  behavior of coated-particle fue ls  
and perfecting the  mathematical model for predicting 
their performance. 

techniques for deposit ing s i l icon  carbide coatings 
in a fluidized bed. Other supporting research con- 
s i s t e d  of a thermodynamic study of the  mechanisms 
for conversion of oxide par t ic les  to carb ides  and an 
investigation of the  materials and properties of con- 
c re te  for u s e  in pres t ressed  concrete v e s s e l s  for 
large power reactors. 

A small supporting effort included development of 

‘J. W. Prados and J. L. Scott, “Mathematical Model for 
Predicting Coated-Particle Behavior,’’ Nucl.  A p p l .  2(5), 
402-14 (October 1966). 

PYROLYTIC CARBON COATINGS FORMED AT 
HIGH DEPOSITION RATES AT 

LOWTEMPERATURES 

R. L. Beat ty  D. M.  Hewette, I1 
J .  L. Scott 

Pyrolytic-carbon-coated microspheres of uranium- 
thorium oxide or carbide are attractive for u s e  in 
fuel e lements  for advanced gas-cooled reactors such  
as the  Fort  St. Vrain Reactor  be ing  developed by 
General Atomic for the  Publ ic  Service Corporation of 
Colorado. Normally the  pyrolytic carbon coating is a 
composite s t ruc ture  having a low-densi ty inner layer,  
to provide void volume to  accommodate fuel swelling 
and fission-gas re lease ,  and a high-density outer 
layer, which acts a s  a pressure ves se l .  The  inner 
layer is usually deposited from ace ty lene2  and h a s  a 
density in the  range 0.6 to  1.1 g/cm3. The  outer  
layer should b e  isotropic and have a density greater 
than 2.0 g / c m 3  for adequate  res i s tance  to fas t -  
neutron-induced distortion. 

been the  difficulty of obtaining high-density isotropic 
coatings.  Methane is commonly used a s  a source  of 
carbon, but temperatures above 20OO0C are  required 
to produce isotropic s t ruc tures  tha t  have  dens i t ies  
greater than 2.0 g/cm3. The  low deposition rates 
(35 t o  60 p/hr) and high temperatures contribute t o  
high fabrication cos t s .  We found tha t  much higher 
deposit ion ra tes  a r e  poss ib le  when either propane 
or propylene is used  as the  source  of carbon. In 

One problem in coated-particle manufacture h a s  

‘H. Beutler, R. L. Beatty, and J. H. Coobs, “LOW- 
Density Pyrolytic-Carbon Coatings for Nuclear Fue l  
Par t ic les ,  ”Electrochem. Technof. 5(5-6), 189-94 (May, 
June, 1967). 

3R. J. Price and J. C. Bokros, “Mechanical Properties 
of Neutron-Irradiated Pyrolytic Carbons,’’ J .  Nucl.  Mater. 
21(2), 158-74 (February 1967). 
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164 . 
s tud ie s  of s t ruc tures  produced a t  various tempera- 
tures and a t  severa l  supply  r a t e s  of t h e s e  reactants,  
we could produce isotropic coa t ings  with dens i t ies  
above 2.0 g/cm3 a t  ra tes  as  high a s  600 p/hr at  
125OOC. High-density coa t ings  c a n  a l s o  b e  obtained 
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from methane at 125OoC, but  these depos i t s  a r e  not 
isotropic.  L i k e  methane, propane will  produce a 
variety of s t ruc tures  if one  var ies  t h e  reactant supply 
rate and deposit ion temperature. T h e  anisotropy 
and dens i ty  of depos i t s  derived from propane a r e  
shown as  contour maps in  F ig .  31.1. T h e  large re- 
gion in which all depos i t s  a r e  i so t ropic  and the  m a x i -  
mum dens i ty  at t h e  lowes t  temperature a r e  worthy of 
note in  th i s  system. Similar coa t ings  may be  pro- 
duced from propylene, and the  lower h e a t  of decompo- 
s i t ion  of propylene makes i t  t he  preferred reactant in 
many cases. A d is t inc t  advantage  of t h e s e  coa t ings  
is the  low leve l  of sur face  contamination a s soc ia t ed  
with depos i t s  formed a t  low temperatures and high 
rates. 

Two ba tches  of pyrolytic-carbon-coated sol-gel UO 
microspheres having  d e n s e  outer  coa t ings  depos i ted  
from propylene were t e s t ed  under irradiation a t  
140OOC in a sweep-capsule  experiment. After 16 .3  
at .  % heavy-metal burnup, t he  release-to-birth rate 
ratio of noble-gas f i ss ion  products w a s  about 
T h i s  resu l t  is equiva len t  to t h e  b e s t  previously ob- 
tained with coa t ings  derived from methane. 

DEPOSITION OF SILICON CARBIDE COATINGS 

H. Beut le r6  

Silicon carbide coa t ings  des igned  a s  barriers be- 
tween pyrolytic carbon coa t ings  or  as a subs t i t u t e  
for pyrolytic carbon coa t ings  a r e  of potential  i n t e re s t  
for high-temperature gas-cooled reactors.  The  effec- 
t i veness  of S i c  coa t ing  for retaining some  of the  
so l id  f i ss ion  products (barium and strontium) h a s  
been demonstrated by t h e  Dragon Pro jec t ’  and 
Battelle.’ In addition, the phys ica l  and mechanical 

4 R. L. Beatty, F. L. Carlsen,  and J. L. Cook, “Pyro- 
lytic-Carbon Coatings on Ceramic Fue l  Particles,’’ 
Nucl. Appl. 1(6), 560-66 (December 1965). 

pane in a Fluidized Bed, ORNL-TM-1649 (December 1966), 
M. S. Thes is ,  the University of Tennessee .  

6Noncitizen employee from Switzerland. 

‘H. J. de Nordwall and J. B. Sayers, “The  Value of 
a Silicon Carbide Barrier in  H. T. R. Fue l s , ”  paper pre- 
sented a t  AIME Nuclear Metallurgy Symposium, Delavan, 
W i s .  Oct. 3-5, 1966. 

Product R e l e a s e  from Coated Fue l  Par t ic les ,  BMI-1734 
(July 1965). 

5R. L. Beatty, Pyrolytic Carbon Deposi ted from Pro- 

‘H. S. Rosenburg e t  a l . ,  Postirradiation Fiss ion-  
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properties of pyrolytically depos i ted  s i l i con  carbide 
as wel l  as  t h e  exce l len t  s tab i l i ty  of S i c  under f a s t -  
neutron irradiation make th i s  material particularly 
a t t rac t ive  for coa ted  par t ic les .  T h e  eventual incorpo- 
ration of S i c  coa t ings  in  coated-particle fuel for 
future HTGR’s will,  however, depend on factors l i ke  
fabrication and  process ing  costs a s  wel l  as on neu- 
tron economy. To furnish more da t a  for such  evalua- 
t ions and to determine t h e  performance of S i c  coat-  
i ngs  in comparison and in  conjunction with our 
pyrolytic carbon coa t ings ,  w e  a r e  investigating the  
application of S i c  coa t ings .  Sil icon carbide can  b e  
derived by thermal decomposition of methyltrichloro- 
s i l ane  (a compound tha t  conta ins  s i l i con  and carbon 
in  the  required atomic proportions) according to the  
following equation: 

Since the  deposit ion of S i c  coa t ings  from methyl- 
tr ichlorosilane in a fluidized bed h a s  been s tudied  
elsewhere,  
su i tab le  deposit ion conditions and  studying the i r  
e f fec t  on the  product properties in the  range of in- 
te res t  for poss ib le  production applications.  W e  in- 
vestigated the  e f fec t  of deposit ion temperatures in 
the  range of 1200 to 18OOOC us ing  an  in i t ia l  charge 
of 35 g T h o  sol-gel microspheres (460-1 nominal 
diameter par t ic les  precoated with 4 5  p of pyrolytic 
carbon). We ran some additional experiments a t  a 
deposit ion temperature of 16OO0C with a 70-g charge 
of the  same material and charges  of smaller par t ic les  
(225-p-diam par t ic les  precoated with 27 p of pyrolytic 
carbon) having equivalent sur face  a reas .  

The density of the  s i l i con  carb ide  coa t ings  as  de- 
termined by dens i ty  gradient column on depos i t s  re- 
moved from graphite d i s k s  w a s  unaffected by deposi-  
tion temperature between 1400 and 18OO0C. T h e  
dens i t ies  obtained varied between 98.4 and 99.7% of 
the  theoretical  density of p-s i l icon  carb ide  (3.21 
g / c m  3).  Neither bright-field nor polarized-light metal- 
lographic examination revealed structural  differences 
between any of t h e s e  depos i t s .  T h e  as-polished 
material, shown in F ig .  31.2,  appeared to b e  s ing le  
phase  and fea ture less .  However, t he  depos i t  ob- 

w e  have  limited our work to es tab l i sh ing  

’R. A. U. Huddle, J. R. C. Gough, and H. Beutler, 
“Coated Particle Fue l  fo r  the Dragon Reactor Experi- 
ment,” pp. 344-74 in Ceramic-Matrix F u e l s  Containing 
Coated Particles,  TID-7654 (November 1962). 

Fig. 31.2. Microstructure o f  Sic Coating Deposited 

from Methyltr ichlorosilane a t  1600’C on Tho2 Micro- 

spheres Precooted wi th  Pyrolytic Carbon. 

200x. Reduced 21%. 
A s  polished. 

tained a t  13OO0C was  s l igh t ly  l e s s  dense ,  and i t s  
microstructure indicated the  presence  of a finely 
d ispersed  unidentified second phase.  X-ray diffrac- 
tion showed all t he  depos i t s  t o  b e  p-s i l icon  carbide. 
The  c rys ta l l i t e  s i z e  varied between 250 and  460 A. 
W e  have not yet been ab le  to correlate t h e  variations 
in c rys ta l l i t e  size with any  of the  controlled coa t ing  
parameters (e.g., temperature, charge sur face  a rea ,  
or contac t  time). 

T h e  deposit ion efficiency, as  ca lcu la ted  from t h e  
weight i nc rease  in  the  charge and the  volume of 
methyltrichlorosilane consumed, increased  with tem- 
perature from 18.8% a t  13OO0C to 74.4% a t  17OO0C. 
Increasing the  charge sur face  a rea  from 596 to 1186 
c m z  did not a f fec t  the  dens i ty  of the  depos i t ,  but 
the  deposit ion efficiency changed from 7 2  to  80% for 
large par t ic les  and  from 6 9  to 73% for smal l  particles.  
All t he  depos i t s  obtained were very uniform in  thick- 
nes s .  We confirmed tha t  S i c  can  b e  applied with no 
apparent difficult ies by the  pyrolysis of methyltri- 
chlorosilane vapors at convenient deposit ion r a t e s  
(1.4 to  3.9 p/min). All t he  depos i t s  obtained were 
high in dens i ty  and appeared to b e  insens i t ive  to a 
wide range of coa t ing  conditions;  thus  t h e  process  is 
attractive for large-scale production. 
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HEAT TREATMENT OF PYROLYTIC-CARBON- 
COATED OXIDE PARTICLES 

H. Beutler6 R. L. Hamner 

We hea t  treated pyrolytic-carbon-coated oxide fuel 
particles a t  high temperatures (1) t o  identify high- 
temperature failure mechanisms tha t  might be signifi-  
can t  in reactor hazards  evaluations,  (2) to  determine 
whether residual carbon contained in the  oxide kernel 
has  a significant effect on the  thermal s tab i l i ty  of 
coated particles,  (3) to  inves t iga te  the  feasibil i ty of 
graphitizing a carbon-matrix fuel element containing 
coated particles,  and (4) to obtain es t imates  of the  
mechanical properties (particularly high-temperature 
rupture strength and c reep  behavior) of pyrolytic- 
carbon-coating materials.  '' 
and (Th,U)O, par t ic les  in the  temperature range be- 
tween 2000 and 260OOC for 2-min intervals.  We 
limited our study to  coa t ing  s t ruc tures  and des igns  
that,  according to model predictions, '  should survive 
moderate to  high burnup. 

All the particles t e s t ed  survived hea t  treatments up  
to 240OoC without apparent failure.  The  only coa ted  
particles tha t  survived the  260OOC hea t  treatment were 
those  with kernels of T h o ,  and (Th,U)O, and one 
batch of coated UO, tha t  had a high ratio of coating 
th ickness  to kernel diameter (0.87). After hea t  treat- 
ments a t  2 3 0 0 T  and above, all particles showed 
migration of fuel into t h e  porous coating and forma- 
tion of a gap between par t ic le  and outer coatings.  
We attribute th i s  gap  t o  thermal c reep  induced by the  
internal carbon monoxide pressure.  

W e  investigated the  thermal c reep  behavior of outer 
coatings on individual par t ic les  under carefully con- 
trolled conditions. We observed large expansions 
(up to  42%) of t he  to ta l  par t ic le  diameter and con- 
current thinning of the coa t ing  on UO, par t ic les  a f te r  
heat treatments for 1 0  min at 25OOOC. In separa te  
experiments we inves t iga ted  the  e f fec t  of heat-treat- 
ment time on the dimensional  changes  of two outer 
carbon coatings that had similar properties but dif- 
ferent conditions of deposit ion.  Both coatings had 
high density,  isotropic s t ruc tures ,  and identical  di- 
mensions; they were deposi ted over a porous inner 
layer on UOz particles tha t  had been obtained from 
the same batch. T h e  outer coa t ing  in the  first  ex- 

We hea t  treated multiple l o t s  of coa ted  UO,, Tho, ,  

'OH. Beutler, R. L. Harnner, and J. W. Prados,  "Heat,, 
Treatment of Pyrolytic-Carbon-Coa te d Oxide Particles,  
GCR Program Semiann. Progr. Rept.  Sept. 30, 1966,  
ORNL-4036, pp. 10-22. 
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Fig. 31.3. E f fec t  of Heat -Treatment  Time on Dimen- 
sional Changes of Coated Part ic les  a t  230OOC. 

periment was  deposited from methane a t  20OO0C, 
whereas  that in the  second w a s  deposited from pro- 
pylene a t  1250OC. 

As  shown in Fig.  31.3, t he  most significant change 
in each  coating had already occurred within 1 min, 
and no additional expansion could be  measured a f te r  
exposures  up to  300 min. Th i s  behavior is somewhat 
surprising, s i n c e  the  large expansion and  concurrent 
thinning of the outer coating observed in some coat-  
ings  resu l t s  in a dras t ic  increase  in s t r e s s  leve l  (up 
to  90%); ye t ,  after the  in i t ia l  p las t ic  deformation the  
coating became re s i s t an t  t o  c reep ,  sugges t ing  a con- 
s iderable  increase  in coating strength. 

The  in i t ia l  expansion measured on coa t ings  de- 
posited from propylene a t  125OOC was  approximately 
100 t imes that of coa t ings  deposited from methane a t  
20OO0C. The  high-temperature coa t ing  could a l s o  b e  
deformed to the  same  degree; however, approximately 
10 times higher s t r e s s  l eve l s  were required to pro- 
duce the  same effect.  

We investigated structural  changes  of heat-treated 
particles by metallography. Polarized-light examina- 
tion revealed an increase  in preferred orientation in 
the pyrolytic carbon coating a s  a resu l t  of hea t  treat- 
ments. Th i s  e f fec t  was  observed in init ially i so t ropic  
coatings derived from methane, propane, and propylene. 
For T h o z  particles with ident ica l  coa t ings ,  no ef fec t  

i . '  
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of h e a t  treatment on preferred orientation and dimen- 
s iona l  changes  was  observed. Therefore, reordering 
of c rys ta l l i t es  must b e  a s soc ia t ed  with a strain effect 
rather than with temperature or  heat-treatment time. 
Th i s  i s  cons i s t en t  with previous hea t  treatment 
resu l t s  ’’ on unstrained isotropic pyrolytic carbon 
d i sks ,  which did not reveal any changes in preferred 
orientation. 

INFLUENCE OF PYROLYTIC-CARBON CREEP ON 
COATED-PARTICLE FUEL PERFORMANCE 

J .  W. Prados  ’ J .  L. Scott  

We previously descr ibed  a mathematical model for 
predicting coated-particle behavior; ‘ 3  ’ 
identifying significant fea tures  tha t  control coated- 
particle performance and a s s i s t s  in the planning of 
irradiation t e s t s  and interpreting t h e  da ta .  Agreement 
between the  model’s predictions and resu l t s  from a 
high-burnup irradiation t e s t  a t  low fast-neutron ex-  
posure have  been encouraging. ’ 
neglected the  e f fec t  of creep, which may b e  signifi-  
cantly enhanced by fast-neutron irradiation at normal 
fuel temperatures. Such creep  could relieve coa t ing  
s t r e s s e s  result ing from fast-neutron damage, and, 
thus ,  an e l a s t i c  model’s predictions of failure under 
high fast-neutron exposure to low burnup may b e  over- 
conservative.  Hence, we extended our ana lys i s  of 
s t r e s s  and strain in  spher ica l  pyrolytic carbon coat-  
i ngs  to  include c reep  and performed ca lcu la t ions  to 
demonstrate i t s  influence on mathematical-model 
predictions of coated-particle failure. 

The  ana lys i s  of s t r e s s  and c reep  in a spher ica l  
pyrolytic carbon she l l  subjec ted  to internal pressure  
and poss ib le  anisotropic dimensional changes poses  
formidable mathematical difficult ies due  t o  the  non- 
l inearity of the  governing equations.  However, an 
iterative numerical technique for c reep  ana lys i s ,  pro- 

it a ids  in 

However, our model 

1 1  F. L. Carlsen, Jr., “Effects of Heat Treatments on 
Pyrolytic Carbon,” GCR Program Semiann. Progr. Rept.  
Sept. 30, 1965, ORNL-3885, pp. 28-33. 

“Consultant from the University of Tennessee .  
13 J.  W. Prados and J .  L. Scott ,  “Mathematical Simula- 

tion of Coated-Particle Behavior,” GCR Program Semiann. 
Progr. Rept. Sept. 30, 1965, ORNL-3885, pp. 53-59. 

J. H. Coobs, R. L. Beatty, A. R. Olsen, H. L. 
Krautwedel, J. W. Prados,  and J. L. Scott ,  “Testing of 
a Design Analysis for Coated-Particle Fuels ,”  Trans. 
Am. N u c l .  SOC. 9(2), 421-22 (October-November 1966). 

1 4  

posed by Mendelson and h i s  coworkers, ’ provides a 
means of obtaining so lu t ions  well  within the  accuracy 
of ex is t ing  da ta  by a method of s u c c e s s i v e  e l a s t i c  
approximations. T h e  working equat ions ,  which a r e  
presented elsewhere,  ’ must b e  so lved  by trial  and  
error for each  t ime increment. In addition, a second  
trial-and-error solution is required to  determine the  
fission-gas pressure  within the  particle coa t ing  as  a 
function of fuel-kernel properties,  burnup, and inner- 
coa t ing  f ree  volume. ’ * ’ 

T h e s e  ca lcu la t ions  were programmed for the  CDC- 
1604A computer at ORNL, and resu l t s  were obtained 
for some typical coated-particle dimensions,  proper- 
t i e s ,  and operating conditions.  At present,  the  
functional dependence of coa t ing  c reep  on ternpera- 
ture, s t r e s s ,  and fast-neutron flux and exposure a re  
poorly defined, a s  a re  the  appropriate cri teria for 
coating failure (i.e.,  limiting s t r e s s e s  and/or strains).  
W e  have performed ca lcu la t ions  with the  radiation- 
c reep  relation sugges ted  by P r i c e  and Bokros3 - 
s teady  c reep  rate of approximately 1 x [psi  
(neutrons/cm ’)I-’ in a fast-neutron flux (> 0.18 M e V )  - 
to predict  fast-neutron dose  and burnup at failure 
for a typical two-layer-coated particle under the  
assumption tha t  failure will  occur when the  tangen- 
t ial  t ens i le  s t r e s s  in the  outer coa t ing  exceeds  
30,000 ps i .  Similar ca lcu la t ions  were performed for 
the  same  particle based  on a 20% higher c reep  rate,  
a 100% higher c reep  rate,  and zero  creep. The curves  
relating fast-neutron d o s e  and burnup a t  failure for 
each  creep  assumption a re  known as failure loci ’, 
and a re  shown in Fig.  31.4 for each  creep  relation 
assumed. (These  a r e  the  curves  that converge on 
the  a b s c i s s a  near  20% burnup.) T h e  relation between 
fast-neutron d o s e  and burnup for severa l  types  of 
fuel kernels in different flux spec t ra  a re  shown in t h e  
s a m e  figure; the  intersection of one  of t h e s e  latter 
curves  with a given failure locus  represents the pre- 
dicted burnup and fast-neutron d o s e  at failure for t he  
given fuel kernel and the  coating represented by the  
failure locus.  T h e  s igni f icance  of t h e s e  relations is 
d i scussed  more fully elsewhere.  ” 

In the  present  c a s e ,  it is in te res t ing  to note  that 
radiation c reep  exer t s  l i t t l e  influence on predicted 
coated-particle performance for fuel kerne ls  with 

”A. Mendelson et a l . ,  “A General Approach to the 
Solution of Prac t ica l  Creep Problems,” J. Bas ic  Eng. 

J .  W. Prodos,  “Calculation of Creep in Spherical 
89, 585-98 (1959). 

16 

Pyrolytic-Carbon Shells Under Combined Radiation 
Damage and Internal Pressure,” Trans. Am. N u c l .  SOC. 
9(2), 382-83 (1966). 
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Fig. 31.4. Influence of Irradiation Creep on Predicted 

Fai lure  Conditions for a T y p i c a l  Coated Particle.  240-p- 
diam, fully-dense (Th,U)C2 kernel; 40-p inner pyrolytic 

carbon layer,  37% avai lable  volume; 40-,U high-density 

outer pyrolytic carbon layer, anisotropy factor = 1.4. 

high 235U content at low fast-neutron flux. However, 
for kerne ls  with high thorium content,  where appre- 
c iab le  fast-neutron d o s e s  may b e  absorbed before 
significant fuel burnup can  occur,  radiation c reep  
may se rve  to extend l i fe  significantly beyond tha t  
predicted by an  elastic model. In fac t ,  with suffi- 
ciently high c reep  r a t e s  fast-neutron-induced failure 
would not  b e  predicted at a l l ,  as indicated by termi- 
nation of t h e  failure loci for t he  higher c reep  r a t e s  
assumed in the  present  case. 

W e  need far more p rec i se  knowledge than is pres- 
ently ava i lab le  regarding pyrolytic carbon creep  
ra tes  and failure conditions as functions of irradia- 
tion environment to  assess the  quantitative signifi- 
cance  of t hese  resu l t s .  Fast-neutron irradiations of 
pyrolytic-carbon-coating mater ia l s  a r e  currently being 
planned a t  ORNL to a id  in  providing t h i s  information. 

FAST-NEUTRON-INDUCED CHANGES 
IN PYROLYTIC CARBONS 

D. M .  Hewet te ,  I1 

W e  prepared two s e r i e s  of s amples  of pyrolytic car- 
bon d isk  specimens and  coa ted  par t ic les  to study 
their s tab i l i ty  under fast-neutron irradiation. One 
s e r i e s  c o n s i s t s  o f  specimens having  high dens i ty ,  
low anisotropy, and  varying crys ta l l i t e  s i z e ,  and 
the  second s e t  h a s  high dens i ty  and l a rge  c rys ta l l i t es  
with increas ing  anisotropy. Some spec imens  a r e  i n  
t e s t  i n  t h e  Dounreay Fast Reactor,  and a second ex- 
periment is being assembled .  

We previously irradiated a s e r i e s  of coa ted  d i s k  
specimens t h a t  had  anisotropy fac tors  ranging from 
1.0 to  3.0, a wide range of dens i t i e s  (1.29 to  2.05 
g/cm3),  and c-direction c rys ta l l i t e  sizes Lc  = 30 
to  130 A. T h e s e  specimens were coa ted  along with 
par t ic les  for severa l  irradiation experiments.  T h e  
samples  were irradiated a t  95OoC to  a fast-neutron 
(>0 .18  M e V )  exposure  of about 1 . 9  x 10” neutrons/ 
cm’ in  the  B8 posit ion of t h e  ORR. T h e  shrinkage 
parallel  to t h e  deposit ion p lane  varied from 2 .3  to 
11.7%, and densification of t h e  coa t ings  ranged from 
4 to 36%. T h e s e  changes  were grea tes t  in a low- 
dens i ty  anisotropic specimen and  smallest in a high- 
dens i ty  isotropic coa t ing ,  as expected. 

Based  on the  ana lys i s  of dens i ty  changes  proposed 
by Bokros and Schwartz,’ w e  plotted t h e  changes  in 
density with respec t  to t h e  in i t ia l  dens i ty  defec t  
( theoretical  dens i ty  minus ac tua l )  of t he  as -depos i ted  
material. Using t h e  s l o p e  of  a s t ra ight  l i ne  fi t ted to 
these  da ta ,  as shown in F ig .  31.5, a densification 
cons tan t  K ,  of 3.33 x lo-‘’ (neutrons/cm’)-’ w a s  
ca lcu la ted  according to  the  following expression: 

-K,Y 
= 1 - e  

h P  

P t h e o  - P O  

where y is t h e  fast-neutron dose ,  p t h e o  is the  theo- 
re t ica l  dens i ty ,  p o  is the  in i t ia l  dens i ty ,  and A is 
t h e  dens i ty  increase .  T h i s  cons t an t  a g r e e s  favor- 
ably with the  value of 2.8 x lo-’’ (neutrons/cm’)-’ 
determined by Bokros and  Schwartz l 7  for pyrolytic 
carbons irradiated at about  1000°C to  fast-neutron 
d o s e s  of 2.2 to 2.4 x l o z 1  neutrons/cm2. For com- 
parison, their  da t a  a r e  also shown  in Fig. 31.5. 

P 

1 7  J. C. Bokros and A .  S .  Schwartz, “Irradiation- 
Induced Densification of Pyrolytic Carbons,” Trans. 
AIME 239(1), 7-13 (1967). 
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IRRADIATION TESTING OF COATED- 
PARTICLE FUELS 

A. R. Olsen  
J . H. Coobs 

J .  W. P r a d o s ”  
E. L. Long, Jr .  

H. L. Krautwedel18 

Irradiation t e s t ing  of sol-gel-derived UO, and 
(Th,U)O microspheres as  coated-particle fue ls  for 
u s e  in High-Temperature Gas-Cooled Reac tors  is a 
cooperative effort of t he  Thorium Util ization (Chap. 
36) and Advanced Gas-Cooled Reac tor  Programs. 
T h e  irradiation t e s t s  completed have es tab l i shed  the  
sa t i s fac tory  performance of sol-gel-derived coated- 
particle fuels.  1 9 3 2 0  In addition, t he  usefu lness  of 
the  Prados-Scott  mathematical  model 
coated-particle performance h a s  been es tab l i shed .  

T h e  purpose of t h i s  program is to  es tab l i sh  re- 
l i ab le  performance predictions that c a n  b e  combined 

for predicting 

180n assignment from Kemforschungszentrum (Nuclear 
Research Center), Karlsruhe, West Germany. 

”A. R. Olsen, J. H. Coobs, and J. W. Ullmann, “Cur- 
rent Status of Irradiation Tes t ing  of Thorium Fue l s  a t  
Oak Ridge National Laboratory,” paper presented a t  the 
Second International Thorium Fue l  Cycle Symposium, 
Gatlinburg, Tenn., May 3-6, 1966; ORNL-TM-1631 
(September 1966). 

Evaluation and Irradiation Tes t ing  of Sol-Gel Oxide 
Microspheres,” PLroc. Brit.  Ceram. SOC. 7, 61-79 
(February 1967). 

for Predicting Coated-Particle Behavior,” Nucf. Appl. 
2(5), 402-14 (October 1966). 

’OR. G. Wymer and J. H. Coobs, “Preparation, Coating, 

J. W. Prados and J. L. Scott, “Mathematical Model 2 1  

with the  process  development resu l t s  t o  e s t ab l i sh  
optimum economic spec i f ica t ions  for coated-particle 
fue ls  for a variety of spec i f i c  reactor requirements. 
In an operating high-temperature gas-cooled reactor, 
both t h e  fuel composition and the  irradiation condi- 
t ions will  vary, and  optimum coated-particle param- 
e t e r s  must b e  ad jus ted  accordingly. We have analyzed 
the  various parameters included in t h e  mathematical 
model and developed a cri t ical  path schedule  for ir- 
radiation t e s t s  required to  e s t ab l i sh  quantitative 
va lues  for t h e s e  parameters. T h e  experiments in 
th i s  program inc lude  both instrumented and nonin- 
strumented t e s t s  of coated-particle fue ls  and pyro- 
lytic carbon depos i t s .  We u s e  t h e  mathematical 
model t o  design the  experiments, and irradiation 
t e s t  resu l t s  in turn provide da t a  tha t  a r e  used  to 
refine the  parameters u sed  in the  model. 

in a series of irradiation experiments (designated 
as the  X-basket s e r i e s ) ,  which used  a s t a t i c  now 
instrumented capsu le  designed for simultaneous 
high- and low-temperature tes t ing  of annular a r rays  
of loose coated par t ic les  in individual containers.  
The  design of t h e  capsu le  and  the  resu l t s  of the  
f i r s t  experiment were reported previously. r T h e  

We completed examination of t h e  second capsu le  

2 2  J. H. Coobs, A. R. Olsen, H. L. Krautwedel, J. W. 
Prados,  and J. L. Scott, Metals and  Ceramics Div. Ann. 
Progr. Rept.  June 30, 1966,  ORNL-3970, pp. 154-57. 

J.  H. Coobs, H. L. Krautwedel, J. W. Prados,  D. M. 
Hewette, R. L. Beatty,  A. R. Olsen, J. L. Scott, and 
E. L. Long, Jr., “Analysis of Resul t s  from ETR X- 
Basket  Experiment ORNL 43-89,” GCR Program Semiann. 
Progr. Rept.  Sept. 30, 1966, ORNL-4036, pp. 31-45. 
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Fig .  31.6. Predicted Burnup (F iss ions per In i t ia l  Metal Atom) Based on 30,000 psi Rupture Stress, 100% Re- 

[psi (neutrons/cm*)]-’. The porticles were 
lease of Fission Gas from Kernels, 25% of T o t a l  Inner Coating Porosity Availoble o s  Free Volume (Except  50% 
for Porous Inner Cootings), and Irradiation Creep Rate of 1.5 x 
irradiated a t  temperatures in the ronge 350 to 14OO0C, with large numbers at 400, 1000, and 14OO0C. 

second experiment w a s  des igned  to compare the  
performance of coa ted  sol-gel UO , microspheres 
with the  s in te red  UO , coa ted  par t ic les  tes ted  -in 
X Basket  1. T h e  coa t ing  parameters were e s s e n -  
t ially dupl ica tes  of t h e  f i r s t  s e t .  Inner coa t ings  
nominally 50 p thick cons i s t ed  of low-density iso- 
tropic, porous, low- or  high-density laminar depos i t s .  
High-density granular o r  high-density isotropic de- 
pos i t s  about 70 p thick were used  as outer coa t ings .  
Ten coating combinations on 220-p-diam UO, micro- 
sphe res  were tes ted .  

Figure 31.6 compares the  ac tua l  fuel bumup at- 
tained by e a c h  lot  of experimental  par t ic les  a t  both 
high and low temperature with the  bumup at failure 
predicted by our rev ised  model, which inc ludes  the  
e f fec ts  of irradiation-induced creep  in the  pyrolytic 
carbon depos i t s .  Resu l t s  a r e  shown from both X 
Baske t s  1 and  2. A s  reported recent ly ,24  we con- 
cluded from the  evaluation of t h e s e  t e s t s  that: 
(1) coated  par t ic les  fabricated from sol-gel UO, 
microspheres perform a s  wel l  as similar coa ted  
particles of s in te red  UO, o r  UC, and (2) the  mathe- 

matical  model does  indeed  predict  t h e  performance 
of coated-particle fue ls ,  although the  precision of 
t h e s e  predictions is restricted by the  lack  of m e -  
chanica l  and physical property d a t a  for  various 
pyrolytic carbon depos i t s .  In particular the  effects 
of temperature and irradiation on changes  in t h e s e  
properties a r e  not wel l  defined. T h i s  is borne out 
by the different performances of ident ica l  coa ted  
par t ic les  exposed in the  two experiments.  T h e  
same ba tch  performed be t te r  in X Baske t  2 at a cal- 
culated irradiation temperature of 140OOC than in  
X Baske t  1 a t  a ca lcu la ted  irradiation temperature 
of looooc. 

Currently three additional X-basket c a p s u l e s  a r e  
being irradiated in  t h e  ETR. The condi t ions  and  
objec t ives  of all experiments in t h e  X-basket s e r i e s  
a re  l i s t ed  in Tab le  31.1. 

A .  R. Olsen, J. H. Coobs, D. M. Hewette, 11, H. L. 
Krautwedel, A. W. Longest,  E. L. Long, Jr. ,  J.  W. Prados ,  
and J. L. Scott, “Performance of Pyrolytic-Carbon- 
Coated Sol-Gel UO Microspheres in High-Bumup Irradia- 
tion T e s t s , ”  Trans? Arn.Nucf.  SOC. 10(1), 96-97 (June 
1967). 

2 4  
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Table  31.1. Summary of the X-Basket  Series of Irradiations of Coated Par t ic les  

Number of Par t ic le  P e a k  
Sta tus  Objective Fue l  Coated  

X Baske t  Size Bumup 
Varieties Particle (x FIMA)~  

Variationsa 
(CL) 

1 Sintered UO, 

and UC, 
220 12 -25 Examined Compare coated particle model 

performance charac te r i s t ics  
with fuel performance 

Compare sol-gel microsphere 
performance with sintered 
spheroids 

Determine the e f fec ts  of the  
thorium-to-uranium ratio on 
fuels with the same fissile 
content 

T e s t  fuel particles prepared 
for irradiation in Dragon; 
investigate coating optimi- 
zation and fas t  flux effects 
on particle performance 

Evalua te  the performance of 
fert i le fuels and fas t  flux 

effects including radiation 
c reep  on coated-particle 

behavior 

2 Sol-gel and 
sintered UO, 

210 13 ‘“25 Being 

examined 

230 10 ”25 In-reactor 

2 80 1 5  -20 In-re a c  t or 

5 Sol-ge 1 

(Th,U)O , 
and (Th,U)C, 

450 10 -12 In-reactor 

*Coated-particle variations include both coating parameter and fuel composition variables to make ‘up the 
different batches of coated particles tha t  a re  normally loaded into separa te  graphite containers for each  batch 
during irradiation. Each  capsule  contains 28 to 30 such  containers. 

bF i s s ions  per init ial  metal atom. 
‘All t e s t s  are planned on the b a s i s  of the Prados-Scott coated-particle performance model, which is constantly 

F u e l  i n  the individual containers is irradi- being revised a s  the resu l t s  of these  and other t e s t s  become available.  
a ted  a t  either 400 o r  14OO0C. 

: process.  2 5  Fi r s t ,  a uniform reaction w a s  not ob- 
tained when the  carbon source  w a s  a porous pyro- 
lytic carbon coa t ing  on the  UO , microspheres; it  
was  necessa ry  to  reac t  t he  UO, in a dynamic bed 
of powdered graphite to ge t  a uniform reaction. 
Second, t h e  main transport  mechanism for carbon 
appeared to b e  volume diffusion; t h i s  requires inti- 
mate contac t  of t h e  carbon with the microsphere 
during t h e  conversion process.  Third, t h e  “UC” 
product phase  produced under the  present  experi- 
mental  conditions was  shown by x-ray techniques  to 
be  nonstoichiometric. 

MECHANISMS AND KINETICS OF THE 
CONVERSION OF UO, TO UC 

Terrence B. Lindemer 

The  conversion of microspheres of UO, to UC, 
via solid-state reaction with carbon or carbon- 
bearing material may b e  t h e  most economical process  
for producing UC, microspheres.  S ince  UC i s  an 
intermediate phase  in  t h e  reaction, a s tudy  of the  
k ine t ics  and mechanisms for t h e  conversion of UO, 
to UC w a s  deemed important for a complete under- 
s tanding  of the  overall  conversion process.  

Several  conclus ions  could b e  drawn from the  
init ial  experiments performed to  e s t ab l i sh  the ex-  
perimental conditions necessa ry  for t he  conversion 

~~ 

25T. B. Lindemer and J. M. Leitnaker, “Mechanisms and 
Kinetics of the Conversion of UO, to  UC,” GCR Program 
Semiann. Progr. Rept.  Mar. 3 1 ,  1967, ORNL-4133, pp. 3-10. 

. 
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A kine t ic  model that  e x i s t s  in the  l i terature i s  
apparently appl icable  by a standardized procedure 
to the  experimental da t a  now be ing  produced. Th i s  
model permits t h e  evaluation of the  reaction rate 
cons tan t  k by two independent methods. Prelimi- 
nary da ta  a t  1612OC indica te  tha t  the va lues  of k de- 
termined by the  two methods agree  within 10% or 
less; we consider t h i s  agreement to b e  very good. 

CONCRETE FOR PRESTRESSED CONCRETE 
PRESSURE VESSELS 

J .  G. Stradley 
P res t r e s sed  concre te  pressure  v e s s e l s  a r e  ex- 

pected to  b e  used  for many future reactors.  I t  is 
generally believed tha t  pres t ressed  concre te  offers 
a c o s t  and safe ty  advantage  over  s t e e l ,  and, more 
importantly, i t  a l lows  larger v e s s e l s  to b e  field 
e rec ted  than would b e  poss ib l e  with steel. 

26R. E. Carter, J .  Chem. Phys.  34(9), 2010-15 (1961). 

During the  pas t  year,  w e  reviewed t h e  l i terature 
on the  concre te  mater ia l s  u s e d  for pres t ressed  con- 
c re te  pressure v e s s e l s .  W e  concluded tha t  con- 
struction of s u c h  v e s s e l s  from the  current des igns  
would not require any major technological break- 
through in concre te  materials.  However, b a s i c  in- 
formation on the  mater ia l s  is needed to a s su re  the  
capabili ty and endurance of t h e s e  v e s s e l s  fo, 
nuc lear  se rv ice .  W e  recently s t a r t ed  to s e e k  in- 
formation about concre te  in four general  a reas :  
(1) characterization of t h e  concre te  be ing  used  i n  
the  ORNL c reep  s tud ie s ,  2 7  (2) mechanisms for t h e  
rheology or  workability of concre te ,  (3) mechanisms 
of moisture movement in concre te  under s t r e s s  and 
temperature gradients,  and  (4) e f fec t s  of irradiation 
on concrete.  

J .  M. Corum, “Bas ic  Program for Investigating the 
Time-Dependent Deformation of Concrete Under Multi- 
axial  S t ress  Conditions in  P res t r e s sed  Reac tor  Vesse ls ,”  
GCR Program Semiann. Progr. Rept .  Sept. 30, 1966, 

27 

ORNL-4036, pp. 256-62. 



32. High Flux Isotope Reactor 
G. M. Adamson, Jr. 

T h e  High Flux  Isotope Reactor (HFIR) is 
a beryllium-reflected, light-water-cooled and 
-moderated unit  with a thermal power output of 
100 Mw. I t  was  designed by ORNL with spec ia l  
core fea tures  to  operate at an average power den- 
s i ty  of 2000 w h i t e r  and to  attain an  unperturbed 
flux of 5 x 10 '  neutrons cm-' sec-' in the  
central  trap region for production of research 
quant i t ies  of t he  transplutonium elements.  T h e  
reactor core cons i s t s  of two concentric a r rays  of 
involute-contour fuel p la tes  containing highly en- 
riched ' 5U in t he  form of an  aluminum-clad dis- 
persion of U,O, in aluminum. 

During the  f i r s t  year of full-power operation, 13 
of t h e s e  high-power fuel assembl ies  operated for 
an average core  l ifetime of 2300 Mwd and presented 
no operating difficulties. While performance to da t e  
h a s  been outstanding, there is considerable opera- 
t ional and economic incentive to  reduce c o s t  and 
upgrade performance. Consequently the  present  
materials effort is being directed toward c o s t  re- 
duction of the  presently designed components and 
exploring reliable means for achieving higher fue l  
loading to  extend lifetime and increase  the  tem- 
perature capabili ty.  

FUEL ELEMENT MANUFACTURE 

R. W. Knight 

We are  a s s i s t i n g  Metals and Controls, Inc . , '  t he  
production contractor for the  HFIR fuel elements,  
in refining their manufacturing p rocesses  to  reduce 
cos t ,  to  m a k e  the  operation more foolproof, and to  
improve the  quality of the finished fuel element. 
After a review of new bid proposals, another con- 

'Division of Texas  Instruments, Inc., Attleboro, Mass. 

tract  was  l e t  with Metals and Controls for an 
additional three yea r s  supply of HFIR fuel assem- 
blies;  hence ,  t he  rate of production h a s  been 
increased from two to  three per month. T h e  
manufacturing process  used for HFIR fuel e lements  
h a s  been described. ' p 3  

In May of  1967, the  final fuel element of the  f i r s t  
contract was  completed and shipped to  ORNL. 
None of t he  33 fuel assembl ies  h a s  met all of t he  
spec i f ica t ions ;  however, after careful review by 
ORNL, all e lements  have  been accepted for u s e  
a t  design power. T h e  deviations from the  spec i f i -  
cation a re  random, and there is no indication tha t  
relaxing the  spec i f ica t ions  in any spec i f ic  a rea  
would greatly benefit  the  fuel element production. 
Figure 32.1 shows the frequency of typical in- 
fractions.  I t  should be  noted that more than one  
infraction of a given category may occur  in the  
same fuel element. The  largest  number of de- 
viations from the  specifications are dimensional  
and are a s soc ia t ed  with the  s i d e  p la te  final 
machining. T h e s e  s i d e  p la tes  after machining a re  
so thin tha t  j u s t  laying the individual fuel ele- 
ments on their s i d e s  in c rad les  will c a u s e  them to  
go out of round. 

Fue l  homogeneity is a problem area,  not because  
of a la rge  number of rejections, but because  re- 
j ec t ions  tha t  do occur  and all questionable a r e a s  
must be evaluated by ORNL reactor engineers to 
determine the suitabil i ty of the  rejected fuel p la te .  

'5. Binns, G. M. Adamson, Jr., and R. W. Knight, 
Fabrication Procedures for Manufacturing High Flux 
Isotope Reactor Fuel  Elements, ORNL-TM-1628 
(November 1966).  
3R. W. Knight, J .  Binns, and G. M. Adamson, Jr., 

Fabrication Procedures for Manufacturing High Flux 
Isotope Reactor Fuel  Elements, ORNL report in 
preparation. 
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T h i s  problem s t ems  from the  fact  that  the specifi-  
ca t ions  cover only the worst operating conditions 
and, in addition, the  homogeneity scanners  evalu- 
a t e  different l o t s  of fuel differently. Uranium oxide 
with a high sur face  area will show an apparent high 
fuel loading on the  scanner,  thus caus ing  increased  
rejections.  

T h e  welding of the  fuel e lements  continues to  b e  
another problem area.  Porosity s tandards  for t he  
type B (side-plate-to-end-fitting) welds  have  been 
modified to permit more porosity, thereby reducing 
the  rejection rate. The  type B weld parameters 
being used a t  t h i s  t i m e  appear to b e  the  bes t  com- 
promise between porosity and lack of fusion that 
can  be  achieved with the  equipment being used .  
Occas iona l  overpenetration for short lengths is a 
continuing problem with the  type A (fuel-plate 
attachment) welds.  Although in most i n s t a n c e s  
the  amount is within that permitted by the spec i f i -  
ca t ions ,  it is sufficient to indicate a lack of 
adequate  control. 

problems have  been encountered a t  the  bottom end 
of the  outer annulus.  T h e  pressure on the  fuel 
p l a t e s  of the  welding trunion rings result ing from 
side-plate shrinkage occasionally will c a u s e  them 
to  deform. New trunion rings have  been designed, 
and a repair procedure h a s  been approved. W e  ex- 
pec t  tha t  t h i s  problem will be  short lived. Within 
the  bodies of the fuel elements,  the  fuel-plate 
spac ings  have  been consistently good. 

In continuing production of 25,036 fuel p l a t e s ,  an 
exce l len t  overall  rejection rate of only 9.2% w a s  
encountered (F ig .  32.2) .  T h e  major c a u s e s  of re- 
jec t ions  were bond defec ts  (blisters) and sur face  
damage. Reasons  for t hese  rejections are con- 
tinually being investigated,  and short-term ga ins  
a re  achieved periodically. 

been ordered. T h e  new aluminum powder and B 4 C  
that have  been received are  sufficiently different 
from the  original material to  require a demonstration 
as t o  their  suitabil i ty for HFIR use .  T h e  aluminum 
powder contained more -325 mesh material. T h e  
B 4 C  differed in chemical content of boron and 
foreign materials.  Investigation of the  aluminum 
powder is complete, and the  new material is ac- 
ceptable and will be used in production shortly. 
The  B 4 C  is s t i l l  being investigated.  

Fuel-plate spac ing  h a s  been good; however, s o m e  

Fuel-plate production h a s  been running smoothly. 

Starting material for second-round production h a s  

STATISTICAL EVALUATION OF METALS AND 
CONTROLS QUALITY-CONTROL DATA 

M. M. Martin 

T h e  quality control da ta  from representative l o t s  
of HFIR production fuel p l a t e s  a t  Metals and Con- 
trols were examined s ta t i s t ica l ly  to  better evalu- 
a t e  t he  current product specification and/or fabri- 
cation process .  The  requirements4 subjec ted  to  
ana lys i s  were (1) th ickness  variability of degassed  
fuel compacts  ( k0.003 in . ) ,  (2) cladding th ickness  
(average greater than 0.010 in. ,  minimum greater 
than 0.008 in . ) ,  (3) variability of total  uranium 
( f 1 % )  and boron ( *lo%), and (4) variability of 
boron within the  inner-annulus p l a t e s  ( + 3 5 %  in 
0.20-in. '-area samples) .  

Fuel Compact Thickness 

T h e  permissible deviation of the individual 
th ickness  measurements made on each  core is 
t 0 . 0 0 3  in. Such a value resu l t s  in an acceptance  
rate of 99.0%. Ra te s  of 93 and 99.9% would be  
predicted i f  va lues  of f0 .002 and k0.004, respec- 
tively, were used. Even a t  the f0 .004  value, 
which h a s  been accepted on waiver, no de le te r ious  
e f fec ts  - such  as blistering, cladding thinning, 
and severe  edge  bowing or end feathering of the 
core in the  rolled fuel p la te  - were encountered. 

from five measurements, and these  means are aver- 
aged for each  lot  of 24 compacts. T h e  mean va lues  
for 99% of the  compacts differed less than k0.002 
in. from the  average values for their lo t s .  T h e  av- 
erage lot  t h i cknesses  depend on the  press ing  pres- 
sure ,  which var ies  from batch to batch of material. 
Of the  57 lo t s  in the  analysis,  the  total  range of 
lot averages  was  only +0.001 in. 

For  each  compact, a mean th ickness  is determined 

Cladding Thickness 

T h e  specification requires that all fuel p l a t e s  
sha l l  have  an  average cladding th ickness  on  each  
sur face  greater than 0.010 in. and a minimum of 
0.008 in. Conformity to these  requirements for 
each  annulus  of the  fuel assembly is es tab l i shed  

4G. M. Adamson, Jr., and J. R. McWherter, Spec i f i ca -  
tions for High Flux Isotope Reactor Fuel Elements ,  
ORNL-TM-902 (August 1964). 
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through destructive tes t ing  of a t  l e a s t  one fuel 
p la te  that  is representative of that  element. A 
total  of 68 observations from three complete c r o s s  
sec t ions  (ten measurements per sec t ion  per side) 
and the  core ends  (two measurements per end per 
s ide)  represents  t he  da ta  for average cladding 
th ickness .  T h e  minimum cladding th ickness  from 
each  of  the  f ive  metallographic samples  is also 
determined over 100% of the  exposed cladding 
surface.  

Our ana lys i s  encompassed 18 inner and 29 outer 
p l a t e s  from 44 lo ts .  In  general, the  resu l t s  on 
average cladding th ickness  indicate no significant 
difference between (1) inner and outer p l a t e s ,  (2) 
fuel and fi l ler  s i d e  cladding, and (3) the  three com- 
p le te  c r o s s  sec t ions  as well a s  the  ten measure- 
ment loca t ions  per section per s ide .  T h e  complete  
absence  of dogboning in the  HFIR fuel gradient 
core is confirmed, s ince  the  cladding over t he  core 
ends  i s  approximately 0.2 mils thicker than a t  the  
three center sec t ions .  The  p la tes  within e i ther  
the inner- or outer-annulus group are  considered, 
however, to  be  different s ta t i s t ica l ly ,  although the 
total  range for average p la te  cladding is only from 
10.8 to 11.6 m i l s .  For  the fixed measurement lo- 
ca t ions ,  the maximum point variation that is ex- 
pected around the  particular plate average is t l . 6  
m i l s  a t  the  99.9% confidence level. 

minimum th ickness ,  techniques a re  not ava i lab le  
for determining such  a value. Therefore, t he  
specification was  separated into two independent 
parts; a maximum depth of sc ra tches  and sur face  
defec ts  (0.002 in . )  and the minimum wall th ickness  
measured metallographically in the samples  d is -  
cussed  above (0.008 in . ) .  T h e  latter measurement 
in mainly an indication of the  penetration of the  
individual hard U308 particles into the cladding. 

Figure 32.3 shows how fuel-plate recovery would 
be affected by specifying various minimum cladding 
values.  T h e s e  da t a  were determined from the  47 
examined p la tes .  The  significant separation of 
'the two curves resu l t s  from the  U308 par t ic les  a t  
the  top sur face  protruding into the filler sec t ion  
and not into the  cladding as at the bottom. T h e  
location of the  minimum th ickness  is independent  
of both the  five sampling sec t ions  and the posit ion 
within the sec t ions .  Obviously, for the  bottom 
cladding the  minimum th ickness  is a stringent re- 
quirement, and high rejections would result  from 
any additional tightening. However, a more de- 
tailed examination of the  da t a  revea ls  that  not 
many cladding areas approach the  minimum, and 

While the  major concern with cladding is with the  

ORNL- DWG 67-40922 
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Fig. 32.3. E f fec t  of Minimum Cladding Thickness Re- 

quirements on Reject ion Rate  of HF IR  Fuel  Plates. 

few deep  sc ra t ches  or surface defec ts  are found 
on any one  p la te .  Since the  chance  of the  two oc- 
curring a t  the  same spot  in coincidence with an 
area of maximum temperature or corrosion is qui te  
remote, some relaxation may b e  possible.  

T o t a l  Uranium and Boron Contents 

W e  examined the  fuel (U308) and poison (B,C) 
loadings tha t  were ass igned  to 1107 outer and 513 
inner fuel p la tes .  Only the  inner p l a t e s  contain 
boron. T h e  maximum ac tua l  deviations of uranium 
from tha t  spec i f ied  were, respectively,  15.18 g 
2 3 5 U  1 0 . 6 %  and 18.44 g 235U 1 0 . 2 %  for inner and 
outer p la tes .  T h e  total  range for boron around the  
specified mean of 0.0164 g was only t2%. T h e  
permissible variations of +1% for uranium and 110% 
for boron a re  definitely loose  requirements and can  
be tightened, if the  need ex i s t s ,  without a signif- 
i can t  i nc rease  in rejection rate. 

Boron Distribution 

T o  minimize the  radial peak-to-average power- 
density ratio in the HFIR, the poison sur face  den- 
s i t i e s  of the  inner-annulus p la tes  vary nonlinearly . 
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T a b l e  32.1. Statistical Analysis  o f  Boron Distribution in 13 Inner-Annulus Fuel  P l a t e s  

Coordinates of Punchings 

Tolerance Boron Content (pg) Number of (in.) 

Row Distance from Distance from Replicate Specified Found Limitsa 

Reference Center Punchings Minimum Maximum Minimum Maximum Average (a) 
Edge of P l a t e  of P l a t e  

1 0.545 0, k4 39 316 656 384 469 437 51 4 

k8 26 316 656 414 536 465 k14 

2 1.935 0, k4 39 102 212 131 178 155 i 2  6 

k8 26 102 212 134 179 160 t 2 6  

. 
s 

3 2.955 0, t 4  39 185 383 218 292 270 f16 

f 8  26 185 383 262 310 284 k16 

aTolerance l imits calculated a t  the  95% confidence leve l  to include a t  l ea s t  99% of the distribution for a sample 
size of 61. 

a c r o s s  the  width but a re  constant along the  length.  
T h e  spec i f ica t ion  requires that t he  amount of boron 
in 15 fixed regions of 0.20-ir1.~ a rea  must b e  
distributed to within +35% of the  nominal loading. 
T h e  d a t a  from 13 p la t e s  that  were randomly se l ec t ed  
from 85 lo t s  a r e  s ta t i s t ica l ly  evaluated in  T a b l e  
32.1. Row 2 is located on t h e  longitudinal 
t raverse  of minimum boron content and rows 1 and 
3 a re  near  t h e  e d g e s  of the  fuel core. As  indicated 
in t h e  tab le ,  t he  average boron content is signifi-  
cantly larger near  the  core ends  than near t h e  
middle. P l a t e s  fabricated a t  ORNL have  exhibited 
th i s  ident ica l  effect ,  in that  increas ing  d i s t ance  
from the  center  gave  higher boron conten ts .5  T h e  
predicted tolerance l imits and maximum and minimum 
observation, however, a r e  well within the  permis- 
s ib l e  variation. 
+30% from nominal should not result  in an inc reased  
rejection rate. 

A more stringent requirement of 

loading. T h e  investigation inc ludes  u s e  of “dead 
burned” U,Os, which is equivalent to tha t  now 
being used  for HFIR fuel elements,  and UA13-type 
intermetall ics.  In general, t he  study comprises (1) 
t he  characterization of the  uranium-bearing com- 
pounds and aluminum-matrix powder; (2) compress- 
ibility of t h e  duplex fuel compacts; (3) evaluation 
of poss ib l e  fabrication difficult ies,  such  as uranium 
segregation, thinning of the  cladding near  t he  co re  
ends ,  and e x c e s s i v e  fuel particle degradation during 
rolling; and (4) calibration of our continuous x-ray 
attenuation homogeneity scanner for t he  various 
fuel materials.  

Our study is incomplete to date;  ye t ,  f rom p resen t  
resu l t s ,  no de le te r ious  effects i n  fabrication a re  ex- 
pected from t h e  inc rease  i n  loading for t he  U,O, 
fuel. Based  on previous U,O, calibration work, 
two inner-annulus p l a t e s  that  contain fuel s e c t i o n s  
of A1-31.2% U,O, and A1-37.1% U,O, exhibited 
fuel distribution that met the HFIR spec i f ica t ions  
on homogeneity. 

T h e  outer  p l a t e  containing the higher loading of ADVANCED FU E L-PLAT E FABRl CATION 

M. M. Martin 49.8% U,O,, however, attenuated the  x-ray beam 
to l eve l s  beyond our calibration. New correlations 
for attenuation v s  uranium content a r e  required for 
all of t h e  UAl,-bearing p la tes ,  and the  work is now 
in mogress .  

We a re  investigating the  fabricability of HFIR 
fuel p l a t e s  containing a 25% increase  i n  uranium 

’111. M. Martin and C. F. Leitten,  Jr., Metals a n d  
Ceramics Div. Ann. Progr. Rept.  June 30, 1965, 
ORNL-3870, p. 218. 

- L  

T h e  in-reactor performance of aluminum-base 
dispersion-type fuel p la tes  is believed to depend 
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T a b l e  32.2. Densi f icat ion o f  Experimental Fuel  Dispersions 

Dispersoid P res seda  Density Increase in  Density by Rolling 

Type of Fuel Concentration b R e l a t i v e  to Maximum of Compacts Actual Increase 
(% o f  Maximum Theoret ica lc)  (wt  %) (vol %) (% of Theoretical)  (%) 

IB OA ATR OB 
I I I  I 

U308-A1 31.2 12.2 94.4 

37.1 15.4 94.3 

42.5 18.2 93.8 

49.8 22.8 92.6 

UA13-A1 36.1 17.0 92.8 

43.3 21.3 91.9 

49.9 25.7 90.8 

58.9 32.2 88.9 

3.0 

2.7 

2.4 

2.9 

4.9 

4.9 

5.1 

4.7 

~ 

52.7 

44.4 

36.5 

35.5 

63.8 

56.4 

51.9 

38.6 

UA1,Sio.,-Al 36.8 17.5 92.5 4.9 65.2 

44.2 21.9 91.3 5.8 64.5 

50.8 26.2 89.8 5.9 56.9 

59.9 32.9 88.0 5.7 42.2 

acornpacts cold p re s sed  a t  22.5 tsi.  
bIncrease in  density,  D = 1 - p 

p re s s e d'p ro 11 e d ' 
%laximum theoretical  increase,  Dth = - Ppressed'Ptheoretical' 

somewhat upon the  amount of void volume init ially 
present i n  the  c l ad  core.  T h e  unoccuDied rerzions. 40 I , ORNL-DWG 67- 40923 

" I  

i f  in t h e  near  vicinity of t h e  fuel particle,  should  
provide a p lace  to accommodate particle swel l ing  

of voids and the i r  location will then extend t h e  
maximal operating temperature and burnup con- 
dit ions.  

occurs  in rolling of t he  plates.  A s  shown in  
Tab le  32.2, t h e  fue l  sec t ion  dens i f ies  independently 
of uranium concentration and in i t ia l  dens i ty ,  but 

ference between d ispers ions  of stoichiometric 
UA13 and thermally s tab i l ized  UA13Si, ., in aluminum 
do not appear t o  b e  siEnificant. 

and f i ss ion  gases .  Control of t he  proper quantity 6 

I ae 
- 
E 6  

s 
e 4  
8 

W 0 

w 
Some densification of the  HFIR fuel compacts  

the  UAI, and U 3 0 ,  behave differently. T h e  dif- 2 

0 _. - 
Figure  32.4 shows  the  total  amount of unoccupied 20 

s p a c e  tha t  remains in  the  various roll-clad d is -  
30 40 

URANIUM CONCENTRATION ( w l  70) 

pers ions  after fabrication. T h e  volume percent of 
voids d o e s  not differ greatly for t h e  present  inner 
and outer p l a t e s  and the  inner p l a t e s  that  contain 

Fig. 32.4. E f fec t  of Type and Concentration of F u e l  

Compounds on Volume of Voids T h a t  Remain in Ro l l -  
Clad Aluminum Fuel  Dispersions. 

50 

. 
t 
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( O C )  6.1 9.6 12.6 15.6 

47 5 29 34 39 51 54 55 62 70 

475c 19 35 31 53 46 46 48 61 

500 35 38 44 42 53 55 64 49 

525 24 25 40 50 55 52 54 68 

550 23 28 41 55 42 48 66 54 

a 25% inc rease  i n  fuel. T h e  outer-annulus d is -  
persion of h ighes t  loading exhibited significantly 
more voids,  which can  conceivably accommodate 
increased  quant i t ies  of fission g a s e s  without del- 
e te r ious  swelling. We plan to  t e s t  t h i s  hypothes is  
i n  miniature irradiation sample p la tes .  

27.1 

76 79 

74 75 

73 64 

73 63  

38 45 

BONDING OF TYPE 1100 TO TYPE 6061 
ALUM1 NUM 

J. H. Erwin 

Procurement of blister-free type-1100-alclad 6061 
aluminum for HFIR h a s  become increasingly more 
difficult, particularly in p l a t e  a t  l e a s t  as thick as 
the 0.350 in. required for frame materials.  T y p e  
1100 aluminum c ladding  promotes bonding in both 
the  fuel and control p l a t e s  during hot rolling. T h e  
p l a t e s  must b e  blister free, and all internal mating 
must exhibit  grain growth a c r o s s  more than 50% of 
the  bond l ine  length. 

To circumvent t he  need for the  type 1100 alu- 
minum cladding on the  frame material, we investi-  
gated the  quality of bond produced between bare  
type 6061 frames and the  type 1100 aluminum c lad  
on cover p l a t e s  a s  a function of (1) rolling tem- 
perature,  (2) to ta l  bil let  reduction at a cons tan t  
rate of reduction per mill pass ,  and (3) sur face  
preparation of bil let  parts. Our evaluation of 
bonding is made primarily from the  interruption of 

interfacial  grain growth observed i n  a minimum of 
two 1-in.-long metallographic samples  representing 
a group of ident ica l  p la tes .  

W e  found no  effect ,  as shown in Tab le  32.3, in 
t he  bond between scratch-brushed type 1100 and 
type 6061 aluminum that was  accountable to roll ing 
temperature i n  the  range 475 to 55OOC with re- 
ductions of about 24% per m i l l  p a s s .  However, t h e  
interfacial  grain growth increased parabolically a s  
the  to ta l  bil let  reduction ratio increased  i n  t h e  
range 6.1 to 27.1. 

T h e  a t t rac t iveness  of chemical e tchants  as a 
replacement for sur face  preparation by scra tch  
brushing the  bil let  par t s  i s  shown by the  d a t a  
presented in  T a b l e  32.4. Chemical e tchants ,  in- 
cluding both ac id  and caus t ic ,  without and in  
combination with scra tch  brushing, were u s e d  to 
treat  t h e  su r faces  of the  type 1100 cladding on 
the  cover p l a t e  and the  bare type 6061 frame prior 
to assembly of the  standard production-size bil let .  
T h e  reduction schedule  followed production 
practice:  two p a s s e s  a t  15%, then s i x  a t  24%, 
and finally two a t  15%. T h e  bond a t  t he  in te r faces  
in t h e  p l a t e s  rolled from acid-cleaned par t s ,  when 
assembled directly after cleaning, showed con- 
s iderable  improvement over t he  scratch-brushed 
par t s  ( interfacial  grain growth of roughly 75 and 
40% respec t ive ly) .  The  “ M i l  Etch”-cleaned 
p l a t e s  exhibited 85 and 86% interfacial  grain growth 
and t h e  “Oakite 160” p la t e s  exhibited 89% inter-  
fac ia l  grain growth. In addition, t h e s e  p l a t e s  

. 
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Table 32.4. Evoluotion of Surface Preporotions for Roll Bonding 6061 Aluminum to 1100-Alclad 
6061 Aluminum at  5OO0C and o Total Reduction Ratio o f  9.6 (7.6 Hot) 

b Bond Rating 

A B C D  

Number of Number Rejected Interfacial  

Fabricated Bl i s te rs  Nonbond 
Surface Preparation P l a t e s  Grain Growtha 

(%) 

Scratch brush only 

Caustic etchant followed by ac id  
pickle 

M i l  E tchC 

No. 1268 etchant'  

Acidic etchant only 
d Chromate cleaner 

H 3 P 0 4  + HNO, mixture 

Etchant followed by scratch brush 

NaOH 

H 3 P 0 4  + HNO, mixture 

Surface treatment followed by 35 
min, 500°C preheat of frame 

Scratch brush 

Oakite 160e 

H,PO + HNO, followed 
4 

by scratch brush 

20 0 0 39 13.1 1.3 165 67 
37 20.5 0 108 67 

20 

14 

20 

20 

20 

20 

0 2 

0 1 

1 1 

0 1 

0 0 

0 0 

10 0 0 

20 0 1 

20 0 0 

86 0 23.7 37 154 

85  0 39.0 38 272 

74 0 29.2 71 300 
71 0 27.6 64 346 

85 

72 

77 
76 

51 
54 

71 
68 

0 22.2 49 222 
0 19.0 48 137 

0 20.0 68 145 
0 16.7 59 177 

1.3 4.0 95 90 
0 4.9 71 107 

0 11.8 58 135 
0 10.3 59 131 

39 9.9 1.2 117 92 
42 14.3 1.8 110 71 

89 0 28.6 29 168 
89 0 39.0 31 234 

44 3.9 0 118 68 
43 16.1 0 138 68 

aThe  first  l ine for each  surface treatment is for a transverse specimen, the second longitudinal. 
bBond rating from metallographic samples: 

A = number of measuring increments showing no interfacial  grain growth per 100 increments (40 mils) 
B = number of measuring increments showing full interfacial  grain growth per 100 increments (40 mils) 
C = maximum length (mils) of no interfacial  grain growth shown by sample 
D = maximum length (mils) of full interfacial  grain growth shown by sample. 

'Wyandotte Chemicals, Wyandotte, Mich. 
dIndustrial Colloids and Chemicals Inc., Knoxville, Tenn. 
eOakite Products,  New York, N. Y. 
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exhibited only short  lengths (about 30 mils) with- 
out metallurgical bond and relatively long  lengths  
of continuous bond. 

After the  previously described work, we roll- 
bonded four unfueled standard size HFIR fuel 
p l a t e s  and one  unfueled standard size control 
p la te  i n  which the  interface was  type 6061 to type  
6061 aluminum. T h e  par t s  were c leaned  with 
“Oakite 160” j u s t  previous to bil let  assembly. 
T h e  fuel-plate bil let  was  reduced to  0.0625 in. 
t h i ckness  in  30% reduction increments a t  500OC; 
t h e  control p l a t e  bil let  was  rolled according to 
standard prac t ice  - about 13.5% reduction incre- 
ments a t  50OOC with the  billet evacuated. T h e  
metallurgical bond i n  these  p i a t e s  appeared to  b e  
equal  t o  tha t  obtained with the  present prac t ice  
us ing  the  a lc lad  materials. No b l i s te rs  were ob- 
served, t h e  cladding could not be  stripped from t h e  
core ,  and samples  of the  fuel p la te  examined by 
metallography indicated interfacial  grain growth 
equal  to 90% of bond l ine  length with maximum 
lengths  of 26 mi l s  showing no grain growth 
interruption. 

U,O, PRODUCTION 

R. W. Knight 

Production of U,O, a t  t h e  Y-12 P l a n t  is con- 
tinuing. An additional order for 1500 k g  w a s  
placed as  fuel for 108 fuel assembl ies .  Quality 
of t h e  U,O, h a s  been good and h a s  eas i ly  met 
spec i f ica t ions  except  for surface a rea ,  which h a s  
fluctuated between 0.045 and 0.068 m2/g  T h i s  
range of sur face  a rea  does  not affect fuel p l a t e  
manufacture but is troublesome during homogeneity 
inspection. T h e  x-ray scanner cannot differentiate 
between sur face  a rea  changes  and fuel loading 
changes.  An increased  sur face  a rea  in  a fuel 
p la te  will  appear as an  increased fuel loading. 

found means to  control surface a rea  to 0.05 k 
0.005 m Z / g  Fue l  p l a t e s  a re  being fabricated from 
fuel with seve ra l  known surface a reas .  T h e s e  
p l a t e s  will b e  scanned with the  x-ray scanner  and 
the  apparent fuel loading will b e  calculated.  T h e s e  
da t a  will  b e  plotted against  surface a rea  in  a n  at- 
tempt to  find a more desirable range of su r face  
a reas .  

apparent, new s tandards  for the x-ray scanner  will 

T h e  Y-12 plant h a s  sought experimentally and  

If a more des i rab le  range of sur face  a rea  becomes 

b e  made and the  new range of sur face  a reas  will  
be  spec i f ied .  

used to produce the  U,O, and comparing the  
properties of severa l  t ypes  of U,O,. 

A report6 h a s  been i ssued  d i scuss ing  t h e  method 

H FI R W ELDl NG DEVELOPM EN T 

Fuel-Plate-to-Side-Plate Welding 

R. G. Donnelly 

Several  alternative methods have been inves t i -  
gated to improve the  controllability and quality of 
t he  jo in ts  between fuel p la tes  and s i d e  p l a t e s  of 
the  HFIR fuel elements.  T h e s e  methods have  in- 
cluded pulsed-arc welding, electron-beam welding, 
and f lux le s s  brazing. 

As reported previously, pulsed-arc welding 
seemed to  have  severa l  potential advantages.  T h e s e  
included (1) lower total  heat input, which would 
tend to minimize shrinkage and distortion; (2) 
better a r c  controllability; and (3) the  abil i ty to  u s e  
larger diameter wires,  which, in turn, would simplify 
wire feeding. However, we found that,  while s a t i s -  
factory welds  could b e  made, none of t h e s e  ad- 
vantages  were of sufficient s ign i f icance  to justify 
replacing t h e  ex is t ing  low-energy g a s  metal-arc 
welding process .  

hibit s eve ra l  d i s t inc t  advantages over t he  present  
arc-welding techniques.  T h e s e  include (1) no 
filler-metal addition required, (2) no weld grooves 
required, (3) exce l len t  control of weld penetration, 
(4) much less distortion, and (5) much less c leanup 
machining required. T o  demonstrate t he  feasi-  
bility of t h i s  p rocess ,  a flat  t e s t  sec t ion  w a s  as- 
sembled and electron-beam welded a t  t he  Y-12 
Plant .  S ince  the  very heavy wall of the  s tandard  
s i d e  p la te  w a s  not  required, ‘/,-in.-thick s i d e  p l a t e s  
were used  and were slotted on one s i d e  only for 
t he  fuel p la tes .  Welding conditions were developed 
on s ing le  j/,-in.-thick p la tes ,  and the  optimum con- 
dit ions were then used  to weld the  t e s t  assembly. 

Electron-beam welding, however, did seem to ex- 

- 

6W. J. Werner and J. R. Barkman, Characterization 
and Production of U,O, for the High Flux Isotope R e -  
actor, ORNL-4052 (April 1967). 

’R. G. Donnelly, Metals and Ceramics Div. Ann.  
Progr. Rept .  J u n e  30, 1966, ORNL-3970, pp. 169-70. 
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Fig.  32.5. F l a t - P l a t e  T e s t  Sample Dummy F u e l  P l a t e s  

Electron-Beam Welded to  Type 6061 Aluminum. N o t e  

poor fit-up. 

Fig. 32.6. Fuel-Plate-to-Side-Plate Electron-Beam 

Weld. (No f i l ler-metal addition). lox. Etch: H20,  HF, 
HCI, HN02. 

A s  c a n  be s e e n  from Fig. 32.5, very little cleanup 
machining would b e  required. A c r o s s  sec t ion  of 
one  on the  we lds  is shown in Fig.  32.6. Pene -  
tration w a s  cons is ten t  and did not seem s e n s i t i v e  
to  fuel-plate fit-up. One difficulty with t h i s  tech- 
nique is that ,  s i n c e  type 6061 aluminum w a s  the  
material  joined, cracking was found in  every joint; 
a more weldable  alloy will b e  required for t h e  s i d e  

Fig. 32.7. F luxless-Brazed Fuel-Plate-to-Side-Plate 

Joints. Although the process appears highly promising, 

methods of obtaining improved f low are necessary. 

Etch: H20 ,  HF, HCI, HN02. 
lox. 

Reduced 49%. 

plates .  T h e  weld-metal cracking problem is over- 
come in the  present  arc-welding procedure by us ing  
type 4043 aluminum alloy filler metal. 

Brazing of aluminum fuel e lements  offers t h e  po- 
tent ia l  advantages of lower cost, high fuel-plate- 
to-side-plate bond strengths,  reduced and more 
uniform distortion, and more rigidity. However, con- 
ventional aluminum brazing techniques are not  ac- 
ceptable  because  they require highly corrosive 
halide-containing fluxes, which a r e  extremely dif- 
f icul t ,  if not impossible,  to  remove completely. In 
addition, the  conventional aluminum-base brazing 
a l loys  flow a t  temperatures somewhat above t h e  
blister-annealing temperature used for the fue l  
plates .  A f lux less  method of brazing aluminum h a s  
been developed in  the  aerospace industry; it u s e s  
AI-10% Si or A1-12% Si a l loys (brazing temperature 
570 to  580°C) as f i l ler  metals. T h e  par ts  are  
brazed in highly purified argon at reduced pressure.  
For evaluation, we prepared a flat sample assembly 
and s e n t  it to Avco Corporation for f lux less  brazing. 
A photomicrograph of a sect ion from th i s  assembly 
is presented i n  Fig.  32.7. T h e  resu l t s  of t h i s  f i r s t  
t e s t  are promising; however, only partial bonding 
was  obtained, and additional s tud ies  to  optimize 
joint c learance  and alloy preplacement procedures 
are obviously indicated.  

If further experiments indicate  that  the  process  
can  be applied advantageously to the  HFIR fuel- 
element fabrication problem, a modest effort to 
develop improved a l loys  with somewhat lower flow 
temperatures appears  to b e  i n  order. 

.) 

. 

I 
I 

i 
I 

c . 
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Coolant Channel Spacer Attachment PHOTO 86350 

C. H. Wodtke 

Previously,  we reported' development work and 
production of the f i r s t  flow-test element having wire 
r ibs  ul t rasonical ly  joined to  simulated fuel p la tes .  
An additional s imilar  test element with f la t  p l a t e s  
was  produced in  cooperation with the P l a n t  and 
Equipment Division Fabrication Department. Here,  
r ibs  were machined to  provide 0.002 in. nominal 
c learance  between rib and adjacent plate. (In the  
f i r s t  element,  c learance was  0.004 in. nominal.) 

In the  latest flow-test element, shown in Fig.  
32.8, simulated fuel  p la tes  have the  involute  con- 
tour of HFIR fuel plates .  In th i s  case, the 
c learance  between the rib and the adjacent  p la te  
was intended to be in  the range 0.002 to 0.004 in. 
T h e  group of p l a t e s  was given backup support  bv 
filling the extraneous s p a c e  with epoxy. 

T h e  previously developed ultrasonic joir 
procedure w a s  applied to  a t tach t1,2 wire r 
flat p l a t e s  (before forming). Slight dimens 
changes in p la te  width and rib location net 
ta ted minor modifications to the fixture. F 
were subsequent ly  press-formed to  the req 
contour after the  ribs had been machined ti 
height.  Bonds between rib and plate  appe 
sound under v isua l  examination, even thou 
ribs were on the  convex s i d e  during formin 
assembly adequately withstood the  flow te 
fretting-type corrosion did not  s e e m  to b e  
problem. 

~ 

'C .  H. Wodtke and J. W. Tackett, Metals  and Ceramics 
Div. Ann. Progr. R e p t .  June 30, 1966, ORNL-3970, pp. 
171-72. 

Fig. 32.8. F l o w - l e s t  Element wi th  Ul t rasonical ly  

Welded Spacer Ribs. (a) Part ia l ly  assembled. (b) Com- 

pleted ossernbly. 



33. High Flux Isotope Reactor Target Development 

A. L. Lo t t s  

T h e  goal of the  transuranium project is to pro- 
duce gram quant i t ies  of the  heavier transuranium 
e lements  for research purposes by s u c c e s s i v e  neu- 
tron captures  in 239Pu. The  first  part of t h e  pro- 
duction path,  the  conversion of 2 3 9 P u  to 2 4 2 P u ,  
243Am, and 244Cm, was  carried out in reactors a t  
Savannah River. Target elements containing 
principally t h e s e  three i so topes  were fabricated 
a t  ORNL and a re  being irradiated in t h e  High Flux 
Isotope Reactor (HFIR) a t  a flux of approximately 
3 x 1015 neutrons cm- '  sec-'. The  target e l e -  
ments a re  removed periodically from the  HFIR and 
reprocessed in the Transuranium Process ing  Fa- 
cil i ty (TRU). At the  TRU, the  product ac t in ides  
are separa ted  and the target ac t in ides  are recovered 
and fabricated into recycle target e lements ,  which 
a re  returned to  HFIR for further irradiation. Re- 
cyc le  target elements must be  remotely manufac- 
tured because  of the  high gamma and neutron radia- 
tion a s soc ia t ed  with the  contained i so topes .  

Our t a s k s  have  included the design and validation 
of t he  original targets,  the  development of equip- 
ment and techniques  for fabricating these  elements 
both in a glove box and remotely, the  monitoring of 
the performance of the target elements in HFIR,  
and the  des ign  and fabrication of modified ta rge ts  
that  m a y  withstand t h e  HFIR se rv ice  conditions.  

program for short-range and long-term solution of 
the limited burnup problem of t h e  ta rge ts  was  
init iated.  

TRANSURANIUM TARGET FABRICATION 
EQUIPMENT STATUS AND OPERATION 

J. E. Van Cleve  E. J .  Manthos 
M. K. Preston, Jr. ' 

During irradiation in the  HFIR, the  target ac t in ide  
oxides  a re  encased  in an  assembly cons i s t ing  of 
31 individual elements.  Each target element '  con- 
s i s t s  of 35 individually jacketed pressed  pe l le t s ,  
each  composed of a mixture of 12  vol % ac t in ide  
oxides d ispersed  in  aluminum. T h e  pe l le t s  a r e  
contained in a type X8001 aluminum tube with d is -  
continuous fins.  T h e s e  f ins  a re  subsequently at-  
tached t o  the  target rod shea th ,  which posit ions 
the element in the  target array and  through which 
cooling water flows during reactor operation. Manu- 
facture of the ta rge ts  cons i s t s  of three parts,  (1) 
pellet  fabrication, (2) assembly and welding of the  
target element, and (3) inspection of t he  finished 
element. 

The  development of t h e  equipment t o  remotely 
fabricate these  targets in t h e  TRU h a s  been es- 
sentially completed, t he  equipment h a s  been in- 
s ta l led ,  and part of i t  h a s  been used  for the in- 
spec t ion  and refurbishment of irradiated target 
elements.  During remote checkout of t h e  target 
fabrication process  some of the  components were 
modified to improve their reliability. 

At t h i s  point we have  completed the  irradiation 
program for confirmation of the  HFIR target element 
design; we have  fabricated the  necessary  2 4 2 P u  
targets;  we have essent ia l ly  completed the  cold 
tes t ing  of the equipment in the  transuranium facil-  
ity; we have  refurbished targets that  were irradiated 
a t  the  Savannah River Laboratory; and we have 
commenced an  investigation of t he  mechanism of 
failure of t a r ee t s  that  had been irradiated a t  'General Engineering and Construction Division. 

" 
'111. K. Preston, Jr., J. E. Van Cleve, J. D. Sease,  

and A. L. Lot t s ,  Metafs a n d  Ceramics Div. Ann. Progr. 
Rept. June 30, 1966, ORNL-3970, pp. 179-81. 

Savannah River and in the HFIR to fission Of ap- 
proximately 25% of the  plutonium. In addition, a 
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After equipment installation was  completed at 
the TRU, a detailed set of operation and  mainte- 
nance  procedures was  completed. T h e s e  procedures 
had been under development for some t ime but could 
not b e  completed until the  equipment had been in- 
s t a l l ed  and operated in the  TRU. 

During the  pas t  year, 18 242Pu rods,  fabricated 
at ORNL and irradiated in a Savannah River reac- 
tor for approximately one year, were inspec ted  and  
refurbished before they were irradiated in  the  HFIR. 
Deta i l s  of th i s  work a re  covered below. 

Cel l  3 in the  TRU conta ins  the  equipment neces-  
sa ry  to fabricate and inspec t  pellets.  T h e  inabili ty 
to maintain accura te  calibration of the  various 
weighing sys tems resulted in poor reliability of 
this equipment. A sys temat ic  examination of th i s  
problem is presently under way. Short periods of 
operation have  allowed t h e  examination of the  re- 
maining equipment, and it h a s  operated satisfac- 
torily. 

Cel l  2 conta ins  the equipment required to load a 
target rod with inspected pe l le t s ,  weld t h e  t o p  end  
plug, and  helium leak t e s t  the  welded target rod. 
Difficult ies with the  pellet  inspection and loading 
equipment were traced to  fas teners  having been 
loosened by the vibratory action of t he  pe l le t  
feeders.  Each  of t hese  p i eces  h a s  been secured 
with a locking compound. T h e  remaining auxiliary 
equipment appears  to b e  satisfactory.  

cell until  a spa re  unit is fabricated. Several  align- 
ments and relocations of components have been 
performed to make remote maintenance eas ie r .  T h e  
construction of a spare  unit  is approximately 70% 
complete. 

F ina l  assembly, inspection, and c leaning  of t h e  
target element a re  performed in cubic le  1. Most of 
the equipment in th i s  cell was  extensively used  
during inspection of t he  SRL target elements.  
Minor adjustments and modifications were made on 
some of the  equipment. Th i s  confirmed t h e  pro- 
cedures envisioned for removal and maintenance 
of equipment components. All three of t h e  inspec- 
tion sys t ems  were used ,  and t h e  dimensional in- 
spec t ion  apparatus was  removed for calibration 
and is the  only piece of equipment not ye t  opera- 
t ional in cell 1. F ina l  checkout of t h e  device  is 
awaiting the  fabrication of redesigned components. 
The helium leak t e s t  station and t h e  radiography 
s ta t ion  operated satisfactorily.  

To eliminate the  frett ing d i scussed  in the  next 
sec t ion  from future fabricated target e lements ,  t he  

T h e  assembly machine i s  being used  out of t he  

hex-can s tak ing  fixture h a s  been redesigned to 
include one additional s tak ing  assembly for s t ak ing  
the three  additional s e t s  of fins.  Th i s  subassembly 
has  been fabricated and is be ing  ad jus ted  and 
checked out  before being ins ta l led  remotely on the  
in-cell  unit. 

T h e  operation of t h e  remainder of t h e  equipment 
h a s  in general  been excellent,  with very few mal- 
functions of equipment or operator errors. T h e  
procedures for th i s  cubicle a re  in exce l len t  condi- 
tion, s i n c e  th i s  particular cell h a s  been in  u s e  for 
an extended period of time, primarily in refurbishing 
SRL target elements.  

velopmental t es t ing  of the  equipment i s  be ing  
prepared. 

A final report covering the  engineering and de- 

INSPECTION AND REFURBISHMENT OF 
TARGET ELEMENTS IRRADIATED AT SRL 

E. J. Manthos M. K. Pres ton ,  Jr. '  

Eighteen HFIR target elements tha t  had been 
irradiated a t  Savannah River for approximately 
one year  were inspected and refurbished a t  t he  
TRU Faci l i ty  during the  period June 1 to  Septem- 
ber 1, 1966, before they were inserted in the  HFIR 
for further irradiation. 

Each  SRL target element originally contained 
10 g of 2 4 2 P u ,  dispersed in 35 aluminum pellets.  
T h e s e  rods were identical  in des ign ,  except  for 
2 4 2 P u  loading, to the ta rge ts  that  were t o  be  ir- 
radiated in HFIR only. 
in an  outer hex-can shea th  by four s e t s  of target 
rod posit ioning fins.  The  upper three s e t s  of f ins  
each  contained three f in s  spaced  120° apart ,  and  
the lowes t  s e t  of f ins  contained s i x  f in s  posit ioned 
60° apart. T h e  outer shea th  was  mechanically at- 
tached or s t aked  t o  t h e  target rod at t h e  bottom 
s i x  posit ioning f ins  only. 

and examined visually with a te lescope ,  dimen- 
sionally inspec ted ,  helium leak tes ted ,  and re- 
furbished before it was  further irradiated in HFIR. 

Suspicions tha t  the  unattached fins had been 
damaged by frett ing during reactor operations a t  
Savannah River were confirmed. We observed fin 

Each target w a s  centered 

Each of t h e  18 S R L  rods was  transferred to TRU 

3J. D. Sease, T h e  Fabrication of Target Elements for  
the High Flux Isotope Reactor,  ORNL-TM-1712 (March 
1967). 
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spec imens  where the  oxide is the  continuous phase  
requires further investigation. T h e  volume per- 
cen tage  of t he  oxide h a s  a significant effect  but 
is secondary to the  oxide size-distribution effect  
on the  thermal conductivity. The  addition of par- 
t i c l e  sizes less than 325  mesh (44 p) greatly re- 
duces  the thermal conductivity. T h e  u s e  of ceramic 
grade powders, tha t  is, particle s i z e s  less than the  
5 p typical of powders precipitated from solutions,  
must b e  avoided, s i n c e  they reduce the  thermal 
conductivity to approximately 5% of tha t  of a com- 
parable volume loading of larger s i z e  oxide. With 
usable-s ize  par t ic les  of oxide,  t he  s in te r ing  as- 
soc ia ted  with the  thermal degreas ing  of t h e  pressed  
cermet pe l le t s  (3 hr at 550°C) inc reases  the  cermet 
dens i ty  3% and approximately doubles i t s  thermal 
conductivity. We have subs t i tu ted  UO, for t h e  
higher ac t in ides  to  obtain a thermally induced re- 
action between the aluminum and t h e  oxide. T h e  
effect  of th i s  reaction on the  thermal conductivity 
h a s  not yet been determined. 

E X A M I N A T I O N  O F  F A I L E D  T A R G E T  E L E M E N T S  

A. L. Lo t t s  E. J. Manthos 
J .  E. Van Cleve 

Irradiation of 17 HFIR target rods tha t  had been 
exposed in the  Savannah River Reac tors  (SRL) for 
approximately 12  months and in the  HFIR for ap- 
proximately 5 months was  terminated when curium 
activity was  discovered in the  HFIR primary water 
coolant system. Suspec t  target rods were i so la ted  
in HFIR, and inspection of t hese  rods revealed 
that 5 of 17 SRL rods had failed.  

Actually, two groups of target rods were being 
irradiated in the  HFIR a t  the  time of failures.  In 
addition to  the  group of target rods irradiated in  
the  S R L  reactors for approximately 12  months and 
subsequently stored in water for 8 months, a second 
group of ta rge ts  (14) had been irradiated only in  
HFIR. Before irradiation in HFIR, t h e  SRL ta rge ts  
were inspected in the  TRU Faci l i ty ,  and new outer 
shea ths  were installed on 9 of t h e  17 rods, as  de- 
scribed above. 

Both groups of ta rge ts  were of similar des ign ,  
except tha t  the  SRL ta rge ts  contained 10 g of 
2 4 2 P u  each  while the  virgin ta rge ts  contained 8 g. 
Each target contained 35 individually jacketed 
aluminum-matrix pe l le t s ,  i n  which the  2 4 2 P u  w a s  
d ispersed  a s  PuO,. The target rod cladding and 

outer hex-can shea th  were fabricated from X8001 
aluminum. Both the  SRL and virgin ta rge ts  were 
irradiated for approximately the  same  length of 
time in HFIR; however, the  SRL ta rge ts  were d is -  
tributed in the  outer circumference of t h e  target 
array and consequently received a greater fas t -  
neutron dose.  We a re  presently investigating the  
mechanism of failure of t h e s e  elements,  and the  
resu l t s  of our preliminary work a re  reported below. 

Examination a t  T R U  

E. J. Manthos J. E. Van Cleve  

Nine s u s p e c t  SRL target elements were inspec ted  
a t  TRU. We determined that five of t h e s e  rods (56A, 
34A, 6A, 10A, and 35A) had failed; we definitely 
saw c racks  on the  c ladding  of four of t h e  rods. 
Element 56A w a s  se l ec t ed  for de ta i led  examina- 
tion. We inspec ted  i t  visually,  obtained diameter 
measurements, and x-rayed, leak-tested,  and 
pressure-tested t h e  end plug welds  a t  the  TRU. 

The  end plugs,  including t h e  welds,  were re- 
moved and t e s t ed  to ascer ta in  that t h e  failure w a s  
not caused  by a defective weld tha t  had allowed 
water t o  en ter  the rod. Radiographs of both welds  
showed that they were normal. T h e  welds  were 
leak checked with 80-psi air  while t h e  end plugs 
were submerged under water, and we s a w  no evi -  
dence  of a leak. They were also hydraulically 
tes ted  with water at pressures  exceeding  7000 ps i ;  
we s a w  no leakage  of water through t h e  welds.  
Since none of the  above t e s t s  indicated tha t  t he  
welds were defective,  subsequent  rods were in- 
spec ted  only visually,  dimensionally, and for fis- 
s ion  gas  activity buildup on a charcoal trap in a 
nitrogen sweep  test .  Heat generated by the ta rge ts  
prevented vacuum leak  tes t ing  for helium. 

Rod 56A contained the  target tubing crack a s  
shown i n  Fig.  33.2. Oriented 90"from t h e  c rack  
and slightly below i t  was  a mechanically damaged 
region (a chatter mark), Fig.  33.3, which was  
covered with oxide similar in appearance to  the  
oxide on the  remainder of the  rod. Two of t h e  
other rods each  contained two cracks  in the  s a m e  
line; one  of t h e s e  fa i lures  is shown in  Fig.  33.4. 
A fourth visibly fa i led  rod contained three  c racks ;  
two were in l i ne  and t h e  third was  120"away. 

All of the  c racks  occurred in  the  same general 
region, at the midpoint of the  pellet  column, which 
also coincided with the  maximum neutron flux in  
the rod. T h e  as-received target-rod tubing con- 

. 
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Fig. 33.2. Appearance of Failure on SRL-HFIR Target 

Rod. lx .  

tained s i x  full-length extruded f ins ,  60° apart; they 
were partially machined off to provide discontinu- 
ous fins,  which supported the  outer sheath.  Some 
of these  f ins  a re  visible in Figs.  33.2 and 33.4. 
Every crack occurred on one of the  original fin 
l ines.  In rupture tests of unirradiated machined 
target-rod tubing, it ruptured along t h e  original fin 
l ines  at pressures  ranging from 4000 to  4700 psi. 
Full-length-finned tubing ruptured a t  p ressures  
ranging from 5100 to  5400 psi,  and it appears t ha t  
the presence of full-length f in s  probably would not 
have  prevented the  failures but perhaps delayed 
them. 

W e  attempted to  remotely measure the  outs ide  
diameter of a l l  nine target rods with hand microm- 
e t e r s  at points a long the  target rod corresponding 
to preirradiation measurements. However, we were 
not ab le  to obtain accura te  and reproducible meas- 
urements. 

Several types  of specimens were obtained from 
the failed rods and their  shea ths  and submitted for 
metallography and mechanical  properties testing. 
Metallographic samples ,  including both the pellet  
and cladding, were sec t ioned  from rods 56A and 
34A. Sections of t h e  shea th  from the  maximum flux 
region of three ta rge ts  tha t  had been exposed in 
both SRL and HFIR were obtained. A sec t ion  from 
the  maximum flux region of a shea th  tha t  had been 
exposed in HFIR only was  a l s o  obtained. 

The  remaining sec t ions  of t h e  failed rods a re  
now being chemically processed. Before they were 
dissolved, a l l  of t h e  posit ioning f in s  were removed 
from the  rods in the  event  t ha t  any further examina- 
t ions a re  required. The  hex-can shea ths  from a l l  
nine of the  rods tha t  were inspected a re  also avail- 
able for further examination if necessary.  

. 
. I  

.- 

Fig,  33.3. Appearance of Abraded Region on SRL- 
HF IR  Target Rod 56A. lx. 
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chanical  damage (described a t  the  beginning of 
this  section).  No gross  reaction had occurred be- 
tween the  fuel  and the  aluminum matrix. Numerous 
fission-gas bubbles were present in  the  fuel  par- 
ticles. 

Fig. 33.4. Appearance of Failure on SRL-HFIR Target 

Rod 6A. lx .  

Metallographic Examination of a F a i l e d  
SRL Target  Element 

E. L. Long, Jr. 

Two specimens were sect ioned from the  fai led 
region of HFIR target rod 56A a t  the TRU Faci l i ty  
and transferred to the HRLEL for metallographic 
examination. The specimens were t ransverse sec- 
tions taken a t  the end and about midlength of the 
fracture in the cladding. T h e  specimens included 
both cladding and target pellet; the  specimen taken 
near the end of the fracture included a “chatter” 
mark that apparently had occurred prior to reactor 
service.  

Ef fec t  of Neutron Irradiation on the Mechanical 
Properties of the X8001 Aluminum Sheath 

R. T. King J. R. Weir 

The  mechanical properties of the irradiated X8001 
aluminum sheath material  were investigated to  gain 
understanding of t h e  failure of the HFIR target 
cladding. Since su i tab le  tensi le  samples  could not 
be prepared from the cladding, ring tens i le  s amples  
were cu t  from the hex-can sheath.  T h e  sheath and 
cladding material  neutron doses  were 6.38 x 10”  
neutrons/cm2 thermal and 1.07 x 10”  neutrons/cm2 
fast (>0.82 Mev). However, the  hex c a n  had been 
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Fig. 33.5. Appeoronce of the Transverse Section Taken  Through the Fo i led  Region of Target  Rod 56A. As 
polished. 2 0 ~ .  Reduced 20%. 

irradiated at approximately 130°F, while the  clad-  
ding operated at approximately 275OF. 

Samples from an  unirradiated sheath and from 
the sheath exposed both in  SRL and HFIR were 
tes ted in  a i r  at temperatures ranging from room 
temperature to  650'F. In tes t ing  ring samples,  the 
ultimate s t r e s s  and crosshead  travel to  fracture are  

readily determined quant i t ies  measuring s t rength 
and ductility respectively.  

An irradiation-induced increase  in  the  ult imate 
strength exis ted a t  t es t ing  temperatures a s  high 
as 500°F. T h e  ratio of ult imate s t rengths  of ir- 
radiated material  t o  unirradiated material  ranged 
from 1.65 at room temperature to  2.3 at 500OF. T h e  

4 
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ductility of the  unirradiated shea th  increased with 
increasing tes t ing  temperature. T h e  duc t i l i t i es  of 
the  irradiated and unirradiated hex c a n s  were t h e  
same  a t  room temperature, but t he  ducti l i ty of the  
ir iadiated hex can  decreased  to  a minimum near 
250 or 300’F. It i s  significant that  t h e  ducti l i ty 
minimum in the  hex can  occurred near t he  operating 
temperature of the cladding. 

and irradiation temperatures of t he  cladding and 
hex-can material, the  in-reactor failure mode of t he  
cladding may not have  been duplicated in these  
tes t s .  A program for a more detailed investigation 
of the  e f fec ts  of irradiation on aluminum a l loys  i s  
being outlined. 

Because  of differences in  the  metallurgical history 

HFIR Target  Fa i lu re  Analysis 

R. E. Adams 

Cladding failures have occurred in severa l  HFIR 
target rods a t  maximum burnup equivalent t o  fission 
of about 25% of the  plutonium. All of t he  failures 
were longitudinal c r acks  in  the  cladding a t  regions 
of h ighes t  burnup. The  failures a re  typical of 
those expected from excess ive  internal f i s s ion  gas 
pressures.  However, similar prototype rods ir- 
radiated in  the  E T R  did not fa i l  a t  f ission of 69% 
of the  plutonium. 

Data from both types  of rods were analyzed. T h e  
E T R  rods contained 2 3 9 P u  to permit high fission 
burnup in the t e s t  program. HFIR rods were loaded 
with 242Pu .  Exposure in HFIR resulted in a much 
higher f a s t  neutron exposure for the  HFIR target 
rods. Thus  HFIR target c ladding  accrued a f a s t  
neutron dose  (>0.82 MeV) of about 1 x 10”  neu- 
trons/cm2 while 25% of t h e  plutonium f i ss ioned ,  
but the f a s t  exposure of t he  E T R  rods was  1/15 
as much (0.7 x 10“  neutror,s/cm2) during f i ss ion  
of 69% of the  plutonium. 

P e l l e t s  for each  type of rod contained 10% po- 
rosity to accommodate fue l  swel l ing  and t o  facil i-  
t a te  re lease  of f i ss ion  g a s e s  t o  end plenums. In 
the E T R  t e s t ,  less than 5% of the  fission gas  was  
found in the  end plenums, and the  HFIR failures 
did not re lease  significant amounts of f ission g a s e s  
to the  reactor system. 

An ana lys i s  of the  E T R  rod ind ica tes  tha t  a t  f i s -  
sion of 69% of the  plutonium, cladding s t r e s s e s  
caused  by fuel swel l ing  and retained fission g a s e s  
would remain below t h e  failure s t r e s s  only i f  the  
cladding yielded to  allow the  diameter t o  increase  
about 9 mils. Measured expansion ranged between 
about 5 and 13 m i l s .  

We postulate that  the  HFIR rods failed a t  lower 
burnup because  the  high f a s t  flux reduced the  
ductility of t h e  cladding so that  i t  could not yield 
to relieve fission-gas pressures.  If no cladding 
expansion occurs,  ca lcu la t ions  sugges t  t ha t  exces -  
s ive  cladding s t r e s s e s  would develop in  a standard 
pellet  when about 35% of the  plutonium h a s  fis-  
sioned. Such calculated internal pressures  a r e  
quite s ens i t i ve  to init ial  void volume in  the  fuel 
pellet. Variations between individual pe l le t s  
(within the  fabrication tolerances used  a t  the  t ime 
the pe l le t s  were made) could result  in 30% varia- 
tion in init ial  void volume. Calculations based  on 
the smaller void volumes ind ica te  excess ive  in- 
ternal pressures  could occur a t  25% fission. 

contain 20 and 25% porosity in the  pe l le t s  and 8 
and 6 g of plutonium per rod (in cont ras t  to t he  
previous rods,  which contained 10% porosity and 
10 g of plutonium per rod). Calculations indicate 
that such  rods would be  expected to achieve  50 t o  
75% f i ss ion  before excess ive  internal pressures  
develop. Six such  experimental rods are now being 
irradiated in HFIR. 

We designed and fabricated HFIR target rods that 
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H. E. McCoy, J r .  

T h e  Molten-Salt Reac tor  Program is an ORNL pro- 
gram for thermal breeder development. T h e  main 
effort to da t e  h a s  been the  construction and operation 
of the  Molten-Salt Reactor Experiment (MSRE). 
Th i s  reactor u sed  a l iquid fuel s a l t  containing 
LiF-29.1 mole % BeF,-5 mole % ZrF,-0.9 mole % 
UF,, a graphite moderator, and Hastelloy N as the  
metall ic structural  material;  i t  opera tes  a t  65OOC. 

T h e  MSRE went c r i t i ca l  on June  1, 1965, and had 
operated 32,450 Mwhr a s  of May 9, 1967. (Normal 
power leve l  i s  about 7.5 Mw.) T h e  main purpose of 
th i s  reactor i s  t o  demonstrate t h e  feasibil i ty of t h e  
molten-salt concept  and to gain exper ience  with 
operating th i s  type of sys tem.  We have  followed the  
property changes  in the  graphite and the  Hastelloy 
N by a de ta i led  surve i l lance  program. W e  have also 
been involved in a consulting capacity to ensure  
that the  structural  materials have  sa t i s fac tory  ther- 
mal, mechanical,  and  chemical conditions for 
operation. 

The success fu l  operation of t he  MSRE h a s  stimu- 
lated work toward the  development of su i tab le  
materials for a Molten-Salt Breeder Reactor (MSBR). 
T h e  breeder i s  complicated by t h e  f ac t  that  graphite 
is a primary structural  material .  T h e  present con- 
cep t  u s e s  concentric t ubes  of high-density low- 
permeability graphite for t h e  fuel channels.  A 
thorium-bearing blanket salt wi l l  b e  circulated 
around t h e  fuel t ubes ,  and modified Hastelloy N will 
be used  for t h e  pressure  ves se l .  Our work h a s  been 
concerned primarily with the  two principal struc- 
tural materials - graphite and modified Hastelloy N.  

MSRE SUPPORT. 

MSRE Mater ials Surveil lance Program 

W. H. Cook 

The  effects of t h e  MSRE environment on its mod- 
erator (grade CGB graphite) and i t s  primary struc- 

G. M. Adamson, Jr .  

tural  alloy (Hastelloy N) a r e  be ing  monitored 
periodically by a surve i l lance  program. The  de ta i l s  
of t h e  surve i l lance  fixture and specimens have 
been presented previously. ' A c r o s s  sec t ion  of 
t he  surve i l lance  assembly is shown in F ig .  34.1. 
Each  stringer cons i s t s  of a graphite s ec t ion  and two 
Has te l loy  N rods. T h e  graphite s ec t ion  comprises 
various types  of specimens and  t h e  Has te l loy  N rod 
h a s  reduced sec t ions  s o  tha t  t ens i l e  specimens can 
be  c u t  directly from t h e  rod. T h e  assembly is de- 
s igned  so  tha t  individual s t r ingers  c a n  be removed 
and replaced by new o n e s  (Fig.  34.lb and c). T h e s e  
specimens a r e  mounted axially approximately 3 in.  
away from t h e  cen te r  l i ne  of t h e  reactor core  and a r e  
referred to as core  spec imens .  A second  set of 
Has te l loy  N specimens is mounted approximately 
4.5 in. ou ts ide  t h e  reactor v e s s e l ,  where the  spec i -  
mens a re  exposed to the  N '-approximately 2% 0 
atmosphere of t he  reactor cell. T h e  thermal neutron 
dose  on the  core  specimens is about  20 times tha t  
on the  pressure  ves se l .  

July 28, 1966, a f te r  7823 Mwhr and aga in  on May 15, 
1967, after 32,450 Mwhr of reactor operation. T h e  
second sampling corresponded to a d o s e  of 1 x 10 2 1  

neutrons c m - '  sec-' f a s t  and  4 x 10'' thermal. 
T h e  reactor v e s s e l  specimens were sampled only 
after 32,450 Mwhr of operation. 

In t h e  first  sampling both the  Has te l loy  N a n d  
graphite were mechanically damaged independently 
of the  nuclear conditions.  T h e  damage was  most 
s eve re  j u s t  above the  midpoint of the  stringer for 
approximately 9 in. of its overa l l  length of 62 in. ,  
as shown in F ig .  34.2. We concluded tha t  the  rela- 
tively high thermal expansion of t h e  t ens i l e  spec i -  
men rods of Has te l loy  N allowed t h e  seven  metal- 

T h e  reactor core  specimens were sampled on  

banded tongue-and-groove jo in t s  of t he  graphite i n  

'W. H. Cook and A .  Taboada, Metals  and Ceramics 
Div. Ann. Progr. R e p t .  June 30 ,  1966,  ORNL-3970, 
pp. 193-95. 
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Fig.  34.1. MSRE Surveil lance Specimens. ( a )  Deta i led plan view. Sketches showing f ixture (b )  unassembled 

and ( c )  assembled. 

Fig.  34.2. Surveil lance Specimens of Grade CGB Graphite and Haste l loy  N Removed from the MSRE after 7823 
Mwhr. 

each  stringer to  separa te  and  to be penetrated by 
molten salt. Upon reactor shutdown and subsequent  
cooldown, salt trapped in  the  jo in ts  froze and made 
the graphite s t r ingers  longer than their  original 
62 in. The  tens i le  specimen rods of Hastel loy N 
thermally contracted t o  their  original 62-in. lengths  
and loaded the  graphite specimens,  causing some of 
them to buckle and break. T h e  gage sec t ions  of the 
Hastel loy N specimens were bent in  the  zones  where 
this  happened. Sufficient undamaged specimens 
were avai lable  for the  d a t a  sought.  The  fission- 

product data  were obtained by the Reactor Chemistry 
Division, 
chanical  data  on the Hastel loy N were obtained by 
the Metals and  Ceramics Division. 

To a l lev ia te  t h e  mechanical damage with th i s  
assembly, we prepared a new one in  which the fol- 
lowing changes were made: 

and corrosion, carburization, and me- 

2S. S .  K i r s l i s ,  M S R  Program Semiann. Progr. Rept. 
Aug. 31, 1966, ORNL-4037, pp. 165-89. 

. 
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sp l i t  (Fig. 34.3). 
The graphite s e t s  were pinned to t h e  Hastel loy N 
rods near their midpoints; th i s  in effect halved 
the travel tha t  the thermal expansion would cause.  

The  graphite sets were shortened so  that  they 
could not be end loaded by the upper and lower 
metal p la tes  of t h e  assembly in  case s a l t  froze 
in the graphite joints .  

A new set of specimens in  an assembly with t h e s e  
modifications was  placed in  the core  of the  MSRE. 
After 32,450 Mwhr t h e  survei l lance assembly w a s  
removed and found to  be in exce l len t  mechanical 

mens a r e  re t lected in  the bright sur tace  of the 
graphite, showing that t h e  graphite sur face  w a s  
unchanged by exposure with the  except ion of a few 
adhering salt droplets.  T h e  Hastel loy N surface 
was  dulled.  T h e  reactor v e s s e l  spec imens  were, 
of course,  darkened by their exposure to the  nitrogen- 
oxygen atmosphere at elevated temperatures.  

We have  broadened our tes t ing  program to include 
mater ia ls  for future u s e  as  wel l  as MSRE materials.  
In the specimens j u s t  removed, some t e n s i l e  speci-  
men rods were made of Hastel loy N modified to in- 
c r e a s e  its radiation damage res i s tance .  One of the  
rods had an addition of 0.52% Ti and the  other 0.43% 

. 
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F i g .  34.4. A portion of the Graphite and Hastelloy N Surveil lance Specimens After Their  Removol from the 

MSRE After 32,450 Mwhr. 

Zr. In addition to  radiation e f fec ts  on t h e s e  modi- 
fied al loys,  their corrosion res i s tance  in the MSRE 
environment can  b e  s tudied.  In the  new set of 
specimens recently charged into the  MSRE, the  
tes t ing  of al loy modifications is being continued 
with one rod containing 0.5% ~i + 2% w and one with 
0.5% Hf. T h e s e  rods will be removed l a t e r  and 

Test ing  of Haste l loy  N Surveil lance Specimens 

H. E. McCoy, Jr. 

The  core specimens pulled after 7823 Mwhr of 
operation have  been tes ted.  T h e  de ta i l s  of t h i s  
s tudy have been reported. 

examined with respect  to  mechanical properties and 
corrosion. The new graphite s amples  included the  
anisotropic MSRE graphite, isotropic  graphite, pyro- 
ly t ic  graphite, and a graphite-metal brazed joint. 
Our primary purpose in  th i s  program is to ensure 
the safe operation of the  MSRE, so w e  a r e  continu- 
ing to retain at least 65% of the  assembly for the 
MSRE grades of Hastel loy N and graphite. 

Several  of t h e  survei l lance and control specimens 
were tens i le  tes ted .  The  to ta l  elongation at frac- 
ture for specimens deformed at a st rain ra te  of 
0.05 min-' is shown a s  a function of temperature 
in  Fig.  34.5. Both h e a t s  show some exposure- 
induced reduction in ductility a t  low temperatures,  

3W. H. Cook and H. E. McCoy, MSR Program Semiann. 
Progr. Rept. Feb. 28, 1967, ORNL-4119, pp. 95-103. 
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Fig .  34.5. Tens i le  Duct i l i t i es  of  MSRE Hastel loy N 
Surveillance Specimens and Their  Controls a t  a Strain 

Rate of 0.05 min- ' .  Separate curves ore given f o r  the 

two heats tested. 

with a greater reduction being observed for hea t  
5085. At temperatures above 500°C the  ductility 
of the  irradiated and control materials decreased  
with increas ing  temperature, with the  irradiated 
material showing a greater l o s s  in ductility. At  
temperatures above about 650 or  7OO0C, the  control 
material exhibited improved ductil i ty,  whereas  the  
ducti l i ty of t h e  irradiated material continued to  
decrease .  For comparison, t he  MSRE opera tes  at 
65O0C, and the  MSBR will  opera te  near 70OoC. 

veil lance specimens with those  for specimens 
irradiated in other experiments 
present.  T h e  resu l t s  agreed very wel l ,  indicating 
no significant added ef fec t  of the  s a l t  environment. 

Creep-rupture t e s t s  were also run. T h e  resu l t s  
were in exce l len t  agreement with those  obtained 
previously on specimens irradiated without s a l t  
present.  T h e  resu l t s  in F ig .  34.6 show a dec rease  
in rupture life and ductility. 

Metallographic examination of t h e  Hastelloy N 
showed t h e  presence  of a sur face  f i l m  a t  points 
where the  graphite and Has te l loy  N had been in  
intimate contact.  T h i s  product w a s  present a t  such  
points on both the  surve i l lance  and t h e  control 
specimens.  Electron microprobe examination showed 
that t he  carbon content of t h e  edge  of the  specimen 
ranged from 0.3 to 1.2%, compared with 0.05% for 

W e  compared the  tens i le  duc t i l i t i es  of the  sur- 

without s a l t  

4W. R. Martin and J. R. Weir, "Effect of Elevated- 
Temperature Irradiation on Hastelloy N," N u c l .  A p p l .  
1, 160-67 (1965). 
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Fig. 34.6. Camporison of MSRE Haste l loy  N Surveil- 

lance Specimens with Specimens Irradiated i n  the ORR.  
Numbers in parentheses indicate duct i l i t i es .  

the  interior of t h e  sample.  No  ev idence  of attack or 
carburization was  found on metal  sur faces  that were 
separa ted  from the  graphite 1/16 in. T h i s  carburiza- 
tion is not a concern for t he  MSRE, s i n c e  we were 
aware of the  problem before the  reactor w a s  built  
and placed sacr i f ic ia l  sh ims  between the  graphite 
and metal  where contac t  was  necessary .  

T h e  surve i l lance  specimens were exposed to  a 
thermal dose  of 1.3 x 10" neutrons/cm2; the MSRE 
v e s s e l  will reach th i s  dose  after about 150,000 
Mwhr of operation. We feel that t he  quantity of 
helium produced in  t h e  material a t  th i s  dose  due to 
the ''B(n,a) transmutation is sufficient t o  c a u s e  a 
saturation of t h e  leve l  of damage. Hence, t he  
properties of the  Has te l loy  N probably will not 
deteriorate further. T h e  present ductility and 
strength l eve l s  appear to b e  adequate for the suc -  
ces s fu l  completion of t h e  Molten-Salt Reactor 
Experiment. 

Consequences of Contaminating the MSRE 
Radiator Tubing wi th  Aluminum 

D. A. Canonico 

On July 17, 1966, a c a s t  AI-5% Zn a l loy  blower 
failed at the  MSRE s i t e ,  throwing small shrapnel 
a c r o s s  t h e  Hastelloy N tubing of t he  salt-to-air 
radiator. As  a result  of t h e  failure the  radiator 
temperature rose  from 575OC to about 65OoC for 5 hr. 
Hence, w e  inves t iga ted  the  e f fec t  of t h e  molten 
aluminum-zinc alloy on t h e  radiator tubing. S ince  

. 
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Fig.  34.7. Metallographic Section Through Aluminum 

Cone and Hastel loy N Tube. Sample was held a t  65OoC 
for 1000 hr. 5 0 ~ .  A s  polished. Reduced 9%. 

the  ac tua l  tubing could not b e  removed and  sec- 
tioned metallographically, only specimens simulating 
the  exposure could b e  prepared and examined. 
Small segments  of t he  failed blower were tes ted  in 
contac t  with representative samples  of t h e  tubing 
over the  temperature range 620 to  675OC. 

Laboratory e ~ p e t i m e n t s ~ ' ~  showed tha t  it was  
extremely difficult t o  wet t he  Hastelloy N tubing 
with aluminum in an environment characterist ic of 
that  at t h e  t i m e  of the  failure.  An oxide f i lm  formed 
on the  aluminum, and even a t  a temperature of 
675OC (which exceeds  t h e  ac tua l  radiator tubing 
temperature), the molten aluminum was  contained 
within the  sca l e .  

When the oxide sk in  w a s  broken (by mechanical 
abrasion, shock, etc.) ,  wetting did occur. Figure 
34.7 i s  a photomicrograph of an aluminum-Hastelloy 
N couple after 1000 hr a t  650OC. The  appearance 
of t h i s  specimen is essent ia l ly  ident ica l  (except for 
the microstructure of t he  aluminum) t o  one tha t  was  
held at 65OoC for 5 hr. The  penetration into the 
Hastelloy N was  approximately 10  m i l s  (16% of the  

tube-wall th ickness)  for both the  5- and 1000-hr ex- 
posures.  This  study indicated tha t  i f  any unde- 
tected aluminum was  present on the  tubes ,  the  
danger of i t s  penetration was  minimal. 

Prior to  startup of t he  reactor, t h e  tubes  were 
thoroughly inspec ted ,  and the  few a r e a s  that showed 
indications of aluminum contamination were care- 
fully cleaned. 

successfuI ly  completing severa l  thousand hours of 
operation s ince  the  blower failure. T h e  tubes  were 
reinspected, and there were no indications of any  
damage due to  t h e  blower-fan failure. 

In May 1967, t he  MSRE was  shut  down after 

MSBR DEVELOPMENT 

Improving the Resistance of Haste l loy  N to  Radia-  
t ion Damage by Composition Modifications 

H. E. McCoy, J r .  J .  R. Weir, J r .  

Although Hastelloy N h a s  su i t ab le  properties for 
long-term u s e  at e leva ted  temperatures, we have  
found tha t  t he  ducti l i ty and strength deteriorate 
when it is exposed to neutron irradiation. Th i s  type 
of radiation damage manifests i tself  through a re- 
duction in  the  creep-rupture life and t h e  rupture 
ducti l i ty.  Th i s  damage is a function of t he  thermal 
neutron dose  and is thought to  b e  a s soc ia t ed  with 
the helium tha t  is produced by the  'OB(n,a) trans- 
mutation. However, t he  threshold helium content 
required for damage is so  low tha t  t he  property de- 
terioration cannot be  prevented by reducing t h e  'OB 
level in the alloy. W e  have  found tha t  s l igh t  modi- 
f ications to the  composition offer considerable i m -  
provement. 

Our s tud ie s  have shown that the normal m a s s i v e  
precipitate,  identified7 a s  M,C, can  b e  eliminated 
by reducing the  molybdenum leve l  to  the  12 to 13% 
range.' The  strength i s  not reduced significantly 
and the  grain size is more uniform and more eas i ly  
controlled. The  addition of small  amounts of ti- 
tanium, zirconium, or hafnium reduces the irradiation 
damage problem significantly.  
t ra tes  the  fac t  tha t  severa l  a l loys  have  been de- 
veloped with postirradiation properties tha t  a r e  

Figure 34.8 i l lus -  

5D. A .  Canonico and D. M. Hasel t ine,  MSR Program 
Semiann. Progr. Rept. A u g .  31 ,  1966,  ORNL-4037, 
pp. 103-7. 

Semiann. Progr. Rept. Feb .  28, 1967, ORNL-4119, 
pp. 116-17. 

,D. A. Canonico and D. M. Hasel t ine,  MSR Program 

7R. E. Gehlbach and H. E. McCoy, Jr., Par t  I, Chap. 5 
of this  report. 

'H. E. McCoy, Jr . ,  and J. R. Weir,  Jr., Materials De- 
velopment for Molten-Salt Breeder Reactors ,  ORNL-TM- 
1854 (June 1967). 
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Fig.  34.8. Comparison o f  the Pos t i r rad ia t i on  Creep of Several  Va r ia t i ons  of Has te l l oy  N a t  65OoC. 
Ind i v idua l  po in ts  g i ve  va lues for i r rad iated mod i f i ed  o l l oys .  

Sol id  curves 

T h e  per- represent va lues for the unmodi f ied a l l oy .  

centage fracture s t ra ins are g iven i n  parentheses, f o l l owed  by the  a l l o y  add i t i on  and whether t h e  source i s  t h i s  lob- 
orotory (L) or commercial  (C). 

superior to those  of unirradiated s tandard  Hastelloy 
N.  W e  a r e  beginning work to  optimize t h e  composi- 
t ions and hea t  treatments of t h e s e  alloys.  W e  a r e  
a l so  init iating the  procurement of 1500-lb commer- 
cial mel t s  of some of t h e  more a t t rac t ive  alloys.  

unirradiated condition seem very attractive.  
Strengths a re  s l igh t ly  be t te r  than standard Hastel-  
loy N and fracture duc t i l i t i es  a r e  about double. 

T h e  properties of t h e  modified Has te l loy  N in the  

Haste l loy  N Welding Studies 

D. A. Canonico H. E. McCoy, Jr. 

Our research effort on t h e  weldabili ty of Hastel-  
loy N during t h e  p a s t  year  c a n  b e  divided into two 
areas:  the  continuation of t h e  study of conven- 
tional Hastelloy N (Ni-16% Mo-7% Cr-4% F e )  and  
the initiation of s t u d i e s  on modified Hastelloy N 
(Ni-12% Mo-7% Cr) with addi t ions  of titanium, 
zirconium, and  hafnium to improve i t s  res i s tance  to 
irradiation damage. 

T h e  s tud ie s  on conventional Has te l loy  N covered 
the  e f fec t  of base-metal  melting prac t ice  (air  melt- 
ing  v s  vacuum melting) and  modifications of t h e  
welding f i l l e r  m e t a l .  T h e  objec t ives  were to de- 
termine and, i f  poss ib le ,  t o  improve t h e  mechanical 
properties of g a s  tungsten-arc welds.  Par t icu lar  
emphasis  was  p laced  on the i r  stress-rupture proper- 
t i e s .  Two h e a t s  of air-melted and  one  of vacuum- 
melted b a s e  metal  were s tud ied .  T h e  two air-melted 
base meta ls  were joined with air-melted fi l ler  metal  
from two h e a t s  and with vacuum-melted fi l ler  metal. 
The  vacuum-melted hea t  w a s  jo ined  with fi l ler  
metal prepared from t h e  s a m e  heat.  In addition, 
air-melted p l a t e s  were joined with fi l ler  metal  t ha t  
had been prepared by spray  coa t ing  '/8-in.-diam air- 
melted rods with A1,0, and WC. 

for t h e s e  welds  and  the  respec t ive  b a s e  meta ls  a r e  
given in  Tab le  34.1. T h e  weldment s t rengths  a r e  
a l l  within 10% of each  other,  regard less  of t h e  b a s e  
metal and fi l ler  metal. T h e  elongation va lues  a t  
65OOC a r e  similar for all of t h e  weldments except  

The  elongations a t  room temperature and a t  650°C 
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T a b l e  34.1. Fracture Elongations of Haste l loy  N Welds 

~~~ ~ ~~ 

Heats  Used  Melting Method Fracture Elongationa (X) 

Base  F i l le r  B a s e  F i l le r  Room Temperature 65OoC 
Weld 

b 5065, 5067 a i r  56 3 3  

4 5065, 5067 5101 a i r  a i r  26 1 5  

6 5065, 5067 65-552 air  vacuum 41 19  

1 5065, 5067 5101 a i r  a i r  2 8  12.5 

5 5065, 5067 5055 a i r  a i r  34 16 

7 5065 5090' a i r  a i r  34 14  
8 5065 5090d a i r  a i r  39 25 
b 2477 vacuum 55 42 
3 2477 2477 vacuum vacuum 37 14.5 

%train rate, 0.05 min-'. 

bValues for unwelded b a s e  metal. 
C l  /8-in.-diam rod spray coated with A1 0 

i-in.-diam rod spray coated with WC. 
2 3' 
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Fig .  34.9. Comparative Stress-Rupture Properties of 
Several Hastel loy N Welds a t  65OoC. 
parentheses indicate the strain a t  fracture. 

The numbers in 

weld 8, which was  made with t h e  tungsten-carbide- 
coated filler metal. At room temperature weld 8 
again demonstrated good ductil i ty.  Welds 6 (air- 
melted b a s e  metal, vacuum-melted filler metal) and 
3 (vacuum-melted b a s e  and fi l ler  metal) also showed 
good ductil i ty a t  room temperature. 

The  resu l t s  of t h e  stress-rupture s tud ie s  a t  65OOC 
are  given in Fig. 34.9 Welding air-melted material 

reduced t h e  rupture l ife for a given s t r e s s  leve l  by 
a factor greater than 10. T h e  lower l i ne  is a b e s t  
fit for welds  1, 4, and  5. T h e s e  a l l  contain air- 
melted b a s e  meta ls  welded with air-melted filler - 
metal. Spray coating the  fi l ler  metal with tungsten 
carbide (weld 8) increased  the  l i fe  of t h e  joint  ap- 
proximately eightfold. Weld 3 (vacuum-melted b a s e  
and fi l ler  metals) had exce l len t  creep-rupture prop- 
e r t i e s  i n  the  as-welded condition. However, the  
da ta  for weld 6 indica te  that t h e  properties a re  qu i t e  
poor if only t h e  fi l ler  metal is vacuum melted. 

It is evident from t h e s e  s tud ie s  tha t  air-melted 
b a s e  metal that h a s  been joined with air-melted 
fi l ler  metal p o s s e s s e s  mechanical properties con- 
siderably poorer than those  of the  b a s e  metal. 
Coating t h e  fi l ler  metal  with tungsten carbide im- 
proved the  weldment properties in all respects.  
Vacuum-melted materials exhibited as-welded prop- 
e r t i e s  that  a r e  superior to those  of air-melted a l loys ,  
although combinations of t he  two types  of material  
offer l i t t l e  improvement. 

The  advantages  of t he  modified Has te l loy  N b a s e  
metal have  been d i scussed  previously. Since t h e  
elements that  a r e  being added to  improve i t s  irradia- 
tion damage r e s i s t ance  may degrade i t s  weldability, 
we s ta r ted  to study t h e  weldability of t h i s  modified 
alloy. Sound we lds  were made in $;-in.-thick p l a t e s  
of experimental a l loys  containing titanium and haf- 
nium. However, t he  a l loys  containing zirconium 
exhibited ex tens ive  cracking. 
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Fig. 34.10. Welds in Haste l loy  N Containing 0.05% Zr. Slight cracking in the  weld metal i s  revealed by 
fluorescent penetrant. 

Cursory s tud ie s  were made on the  weldability of 
experimental h e a t s  of t h e  Ni-12% Mo-7% Cr alloy 
with 0.05 and 0.5% Zr. T h e s e  hea t s  were rolled to 
V2-in.-thick p la te  and welded with fi l ler  metal of 
t he  same  composition. The  g a s  tungsten-arc welds  
that were made in the  0.5%-Zr material contained 
innumerable hot c racks  in the  weld metal; decreas ing  
the  zirconium leve l  to  0.05% considerably reduced 
the  suscept ib i l i ty  to cracking. Figure 34.10 is a 
photograph of t he  top  sur face  of the  0.05% Z r  welds,  
in which fluorescent penetrant w a s  used  t o  expose  
the  hot c racks .  Clearly, the behavior of t he  weld 
metal of both a l loys  is unsatisfactory.  

Such hot cracking may a l s o  b e  a problem in the  
heat-affected zone. T o  study its behavior in these  
zirconium-bearing alloys,  a hot-ductility t e s t  (using 
the  Duffer’s Gleebleg) was  conducted on experi- 
mental a l loys  containing 0, 0.1, 0.3, 0.5, 0.7, and 
1% Zr. The  Gleeble  t e s t  u s e s  ducti l i ty (measured 
by reduction in area) a s  the  criterion for determining 
the  heat-affected zone  behavior. T h e  difference be- 

’E. F. Nippes e t  ar., “An Investigation of the Hot- 
Ductility of High-Temperature Alloys,” Welding ]. (N. Y.) 
34, 183-S-196-s (1955). 

tween the  temperature at which t h e  ducti l i ty reaches  
zero during exposure to  a simulated weld thermal 
cyc le  and the  melting temperature of t he  bulk alloy 
is an  indication of t h e  weldability of t h e  b a s e  metal. 
Furthermore, the  abil i ty to  recover ducti l i ty a f te r  an 
exposure t o  the  zero-ductility temperature (ZDT) is 
an even  better measure.  Typica l  resu l t s  of t h i s  
study were tha t  t h e  addition of 0.3% Zr to the 
Ni-12% Mo-7% Cr  decreased  t h e  Z D T  from 1290 to 
116OoC, a rather precipitous drop. However, t he  re- 
covery of ductility w a s  qui te  good, indicating mod- 
e ra te  res i s tance  of t h e  heat-affected zone  to  hot 
cracking. 

+ 

Dynamic Corrosion Studies 

A. P. Litman 

T h e  Reactor Materials Engineering Group is con- 
tinuing to  study t h e  compatibility of fluoride s a l t s  
with structural  mater ia l s  of in te res t  for molten-salt 
reactors in natural circulation loops. Although w e  
presently plan t o  u s e  Has te l loy  N a s  the  metall ic 
structural  material in t h e  MSBR, cooler parts of t he  

c 
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Table 34.2. Thermal Convection Loop Operation Through June 30, 1967 

Maximum Temperature T i m e  
Heat Transfer Medium Temperature Drop Operated Hot-Leg 

Specimens 
Loop Loop Material 

(OC) (OC) (hr) 

1255 Hastelloy N Hastelloy N + LiF-BeF ,-ZrF 4-UFcThF , 7 05 89 49,950 
2% Nba (70-23-5-1-1 mole %) 

1258 Type 304L Type 304L LiF-BeF ,-ZrF4-UF4-ThF4 67 5 100 34,675 
stainless  s tee l  s ta in less  s t e e l b  (70-23-5-1-1 mole SO) 

10 Hastelloy N None NaK-KF-BF 610 147 8,765' 
(48-349 mole 7') 

12 Croloy 9 M  Croloy Q M ~  NaF-KF-BF3 610 145 1,440d 
(48-349 mole So) 

aPemanent specimens. 
bRemovable specimens. 
'Scheduled loop shutdown May 23, 1967. 
dLoop plugged on September 26, 1966. 

system could b e  constructed of a cheaper iron-base 
alloy. Thus,  our program h a s  been diversified to  
include Croloy 9M and type 304 s t a i n l e s s  s tee l .  
Current loop operation is summarized in  Table  34.2. 

Loop 1255, constructed of  Hastelloy N and con- 
taining a simulated MSRE fuel s a l t  plus  1 mole % 
ThF, ,  h a s  operated for five years  without difficulty. 

Loop 1258, constructed of type 304L s t a i n l e s s  
s t ee l ,  h a s  now logged four years  of circulation with 
only minor changes  in flow character is t ics .  To 
examine the  corrosive behavior of t h e  relatively old 
simulated fuel s a l t ,  ten fresh spec imens  were 
placed in the hot leg  of loop 1258 th is  p a s t  January. 
Rapid at tack occurred in the  f i rs t  50 hr of exposure, 
but the  rate of weight l o s s  declined with time. 
While several  perturbations in the  ra tes  occurred a t  
longer times, the r a t e . l o s s  h a s  generally remained 
constant between 1 and 2 mils/yr equivalent uniform 
at tack.  This  i s ,  of course,  many times the  corro- 
s ion rate observed for Hastelloy N under similar 
conditions. 

Loops  10 and 12,  both of which have ceased  opera- 
tion, contained a developmental fluoroborate coolant 
sa l t .  Loop 12, constructed of Croloy 9M, plugged 
after 1440 hr of circulation due  to growth of es- 
sent ia l ly  pure iron crystals .  T h e  plug was  located 
in approximately the co ldes t  portion of t h e  loop. 
Similar c rys ta l s  were found adhering to specimens 
in the  hot leg. A green deposi t  with a composition 
that var ies  in the range Fe, 15 to  17%; Cr, 11 to 
14%; B, 2 to 4%; Mn, 1.5%; Na, 10 to 15%; F, 46% 

PHOTO 74344A 

I 
2NoF.Fe F2.CrFp.BF3 DEPOSIT 

Fig. 34.11. Plugging in Croloy 9M Loop 12 Containing 
NaF-KF-BF3 (48-3-49 mole %) After 1440 hr at 61OoC. 
Temperature drop, 145OC. 1 . 6 ~ .  

was found in the  drain l ine at tached to the  cold 
horizontal l e g  of the  loop, a s  shown in Fig.  34.11. 
The  composition of the  deposi t  approximates 
2NaF. FeF ,.CrF ,.BF 3. Metallographic examination 
of the  hot-leg spec imens  disclosed only moderate 
surface roughening. 

. 
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standard for t h i s  compound. Examination of t h i s  
loop is proceeding. 

convection loop area for advanced s tud ie s  on the  
compatibility of MSBR salts with Hastelloy N and 
modified Hastelloy N (0.5% Ti). All instrumentation 
h a s  been or is being upgraded, outmoded furnaces 
are being replaced, and spec ia l  fac i l i t i es  a r e  being 
ins ta l led  t o  handle toxic B F ,  gas .  Our plans in- 
clude natural-circulation and poss ib le  forced- 
circulation loop s tud ie s  with t h e  prime candidate 
fuel, blanket, and coolant s a l t s ’  
study of t he  compatibility of brazed jo in ts  between 
graphite and Hastelloy N with fuel s a l t ;  and cap- 
s u l e  t e s t s  to determine the  effect of B F ,  pressure 
on compatibility of t he  coolant fluoroborate salt. 

Extens ive  efforts were made t o  remodel the  thermal- 

for the  MSBR; a 

Procurement and Evaluat ion of New 
Grades of Graphite 

W. H. Cook 

Work h a s  continued on the  evaluation of aniso- 
tropic and isotropic grades of graphite as potential 
materials for t he  molten-salt  breeder reactors.  2 7 1  

The  properties of MSRE graphite, Grade CGB, are 
being used  a s  a b a s i s  for comparison. Grade CGB 
is a needle-coke, anisotropic graphite tha t  h a s  been 
fabricated to have low permeability t o  molten salts 
and g a s e s  but is not s t ab le  under irradiation. The  
isotropic grades of  graphite a r e  more s t a b l e  under 
irradiation, but they are new. 
not been directed toward t h e  production of material 
having the  low gas  permeability and smal l  pore 
entrance diameter required of graphite for molten- 
s a l t  breeder reactors. 

The  emphasis  is on the  well-graphitized (with a 
high degree of c rys ta l  perfection) isotropic graphite 
because  of its relative radiation s tab i l i ty .  The  main 
charac te r i s t ics  of primary importance a re  tha t  (1) the  
pore entrance diameters b e  less than 1 p (to keep  
the molten s a l t  out of the  graphite) and (2) the  per- 
meability to helium be  between lo-’ to  cm2/sec 
(to keep  the 135Xe from entering the  graphite). The  
plot of  typical pore entrance diameters for various 

P a s t  development h a s  

“Fue l  salt ,  LiF-34 mole 7’0 B e F  -0.5 mole % U F  ; 

“R. B. Briggs et at. ,  MSR Program Semiann. Progr. 

13W. H. Cook, MSR Program Semiann. Progr. Rept. 

blanket sa l t ,  LiF-29 mole 70 ThF4;’coolant sa l t ,  Na?BF,. 

Rept. Feb. 28, 1966, ORNL-3936, pp. 107-8. 

Aug. 31, 1966,  ORNL-4037, pp. 108-10. 

grades of anisotropic and isotropic graphite in 
Fig. 34.13 shows that none of the  types  of graphite 
evaluated to  da t e  meets  t he  pore spectrum require- 
ment. Neither have  any of t he  graphites exhibited 
the  desired low permeability. Another factor is tha t  
many of the isotropic grades are poorly graphitized 
and thus  would not have  the desired degree of di- 
mensional s tab i l i ty  under irradiation. 

We have  not obtained a grade of graphite tha t  
meets all of t he  molten-salt breeder requirements, 
but some materials examined appear t o  have  poten- 
tial. Several vendors have init iated development 
programs tha t  should lead  to a more su i tab le  grade 
of graphite for u s e  in the  MSBR. We a re  a l s o  in- 
vestigating the u s e  of coatings (molybdenum, nio- 
bium, nickel,  and pyrolytic carbon) a s  a means of 
reducing the  pe rme abili  t y . 

Irradiation Creep of Graphite 

C. R. Kennedy 

The  primary purpose of our experiments h a s  been 
to  determine the  c reep  behavior of graphite under 
irradiation in order t o  resolve the  stress generation 
problem caused  by differential growth. The  c reep  
coefficients determined for graphite a t  700 and 
1000°C and reported previously l 4  were found t o  b e  
in error. After-test measurements of t he  specimen 
indicated a rather large discrepancy between the  
displacement readings indicated by the  in-reactor 
transducer output and the  post-test  specimen meas- 
urements. We found that t h e  transducers were over- 
heated in the higher temperature c reep  experiments; 
severe  res i s tance  changes  occurred and resulted in 
large apparent displacement  readings. Although the  
after-test  measurements yielded values for the  c reep  
coefficients,  t hese  va lues  include uncertainties as 
to the  extent of primary creep and differential 
growth s t ra ins .  Therefore, a new experiment with 
shielded transducers h a s  been init iated to  creep- 
t e s t  graphite grades AGOT and CGB a t  800 and 
1ooooc. 

The  preliminary resu l t s  of t h i s  experiment after 
2 x I O z o  neutrons/cm2 a re  compared in Fig.  34.14 
with those  reported previously and with those  
calculated from post-test  measurements. The  ca l -  
culated values at 1000°C are  low compared with 

14C. R. Kennedy, Metals and Ceramics Div. Ann. Progr. 
Rept.  June 30, 1966,  ORNL-3970, pp. 161-62. 
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t he  new va lues ;  however, t h e  7OOoC ca lcu la t ions  
appear t o  b e  in exce l len t  agreement. T h e s e  experi- 
mental resu l t s  should b e  cons idered  tentative until  
they c a n  b e  confirmed by after-test  measurements. 

T h e s e  resu l t s  offer a reasonable  concept of t h e  
c reep  behavior of graphite, from which the  differen- 
tial growth s t r e s s e s  c a n  b e  ca lcu la ted .  A general- 
i zed  solution to t h e  problem util izing ex is t ing  
elastic solutions expanded to consider t h e  aniso- 
tropic behavior of graphite growth and creep  h a s  
been developed. T h e  r e su l t s  of a tubular ana lys i s ,  
which can  usually approximate most structures,  is 
shown in Fig.  34.15. T h e  solution is independent 
of the  tubular dimensions with t h e  exception tha t  
the  flux drop will i nc rease  with increas ing  wal l  
th ickness .  Most reactor concepts  do not have flux 
gradients greater than 20% in t h e  graphite,  and from 
Fig .  34.15 the  maximum s t r e s s  generated would b e  
410 ps i  a t  4OOoC and 180 p s i  at 8OOOC. T h e s e  
s t r e s s  l eve l s  a r e  certainly within the  strength range 
of most graphites. 

Brazing of Graphite 

W. J .  Werner 

Advanced molten-salt reactor concepts  require 
the  joining of graphite fuel t ubes  to  the  structural  
material Hastelloy N. In particular, a high-quality 
leak-tight braze  is needed to join the  tubes  to  a 
Has te l loy  N header and thereby isolate t h e  fuel 
s a l t  from the  blanket s a l t .  T h e  major difficult ies 
encountered a re  a s soc ia t ed  with t h e  poor wettabil i ty 
of graphite and  t h e  large difference in thermal ex- 
pansion between graphite and Has te l loy  N.  

The  differential thermal expansion problem is 
further complicated by t h e  fact  that ,  a t  t h e  neutron 
d o s e  ra tes  expected, t h e  graphite may contract con- 
siderably during reactor operation. Therefore, if 
t he  joint design circumvents t h e  thermal expansion 
problem through the  u s e  of low-expansion materials 
( such  as  molybdenum or tungsten) between the  
Hastelloy N and graphite,  ’ v ’ the  braze  joint  
s t r e s s e s  may shift  from compressive to  t ens i l e  
during irradiation. T h i s  si tuation i s  undesirable 
for a material such  as graphite with low t ens i l e  
strength and ductil i ty.  Development work h a s  been 
focused on (1) a direct  joint  of Hastelloy N to  

”R. G. Donnelly and G. M. Slaughter, “The Brazing of 

J .  M. Jones and R. G. Donnelly, Metals a n d  Ceramics 1 6  
Graphite,” Welding J. ( N . Y . )  41(5), 461-69 (May 1962). 

Div. Ann. Progr. Rept.  June 30,  1966,  ORNL-3970, pp. 
198-2 00. 

graphite by a method tha t  l eaves  t h e  graphite in 
compression, and  (2) t he  transit ion jo in t  involving 
the  s a m e  low-expansion intermediate materials.  

Further study of the  Pd-35% Ni-5% Cr  alloy 
d i scussed  previously’ demonstrated tha t  t h i s  alloy 
h a s  considerable a t t rac t iveness  for joining graphite 
to molybdenum or  Has te l loy  N. Unfortunately, t he  
alloy exhib i t s  poor flowability on high-density 
graphite; however, its marginal flow is enhanced by 
preplacing i t  as foil in t h e  joint .  

W e  a r e  continuing t o  develop brazing a l loys  with 
better wettabil i ty and  flowability for joining 
graphite t o  Has te l loy  N. Several  new a l loys  based  
on the  molten-salt-corrosion-resistant Ni-Pd, Cu-Pd, 
Ni-Cu, and Ni-Nb sys t ems  have  been prepared for 
testing. 

Compatibi l i ty  of Graphite-to-Molybdenum Brazed 
Joints wi th  Mol ten Fluoride Salts 

W. H. Cook 

In addition t o  proper joint  des ign  and  metal selec- 
tion, t he  braze  must b e  compatible with the  molten 
fluoride salts. Specimens of graphite brazed to 
molybdenum with Pd-35% Ni-5% Cr were exposed 
for 100, 1000, 5000, and 10,000 hr t o  molten fluoride 
salt a t  7OOoC. Some of t h e  resu l t s  from t h i s  s e r i e s  
have  been reported previously. ”- ’’ A 20,000-hr 
t e s t  is still in progress.  Although no attack i s  
apparent on t h e  braze ,  some palladium h a s  diffused 
from t h e  matrix to  t h e  sur face  of the  brazed jo in ts .  
Chemical ana lyses  of t h e  s a l t  used  in  t h e  t e s t s  
through t h e  5000-hr exposure do not show any  cor- 
rosion products. Examination of t h e  Has te l loy  N 
capsu le s  u s e d i n  the  5000-hr salt test did not show 
any  transfer of palladium to  the  capsu le  sur faces .  

T h e s e  observations show that t h e  brazing alloy 
does  “sweat”  palladium to  i t s  sur face  but is not 
a t tacked  by salt in 10,000 hr under t h e  conditions 
described above. Additional s a l t  corrosion da ta  on 
th i s  alloy will  b e  obtained. A joint made with t h i s  
alloy was  included in  the  surve i l lance  fixture in the  
MSRE core. Any changes  in the  braze  metal compo- 
si t ion will be  investigated by su i tab le  corrosion 
t e s t s .  

1 7 W .  H. Cook, Metals a n d  Ceramics Div. Ann. Progr. 

“W. H. Cook, MSR Program Semiann. Progr. Rept .  

”W. H. Cook, MSR Program Semiann. Progr. Rept.  

Rept.  June 30, 1966, ORNL-3970, pp. 200-2. 

Aug. 31,  1966, ORNL-4037 pp. 115-17. 

Feb .  28, 1967, ORNL-4119, pp. 111-15. 



35. Reactor Evaluation 

A. L. Lo t t s  

T h e  to ta l  c o s t  of producing heat or power by nu- 
c lear  energy is composed of a multitude of inter- 
acting relationships.  Capi ta l  c o s t s ,  operating 
cos t s ,  and fuel-cycle c o s t s  a re  some of the general  
terms used  to  collectively identify categories.  To 
achieve a meaningful reduction in  c o s t ,  one must 
consider t he  problem in i t s  entirety and recognize 
the  effect  tha t  changes made in  one a rea  may have  
on others. T h e  Laboratory is engaged in s tudying  
t h i s  general  problem, and our role is to  examine 
fabrication c o s t s  and fuel-element performance as  
they re la te  t o  the  fuel c y c l e  and other cos t  a reas .  
Accordingly, we work i n  conjunction with chemical 
processing personnel in the  Chemical Technology 
Division and t h e  phys ic i s t s  and des ign  engineers 
in the  Reactor Division. Thus ,  we report here only 
fragments of much broader s tud ie s .  

COMPUTER PROGRAMDEVELOPMENT 

T. N. Washburn F. R. Winslow 

An ind ispensable  factor i n  the  evaluation and 
comparison of various proposed reactor sys t ems  is 
the  cos t  of fuel-element fabrication. Accordingly, 
we have a s s i s t ed  the  eva lua t ion  of reactor con- 
cep t s  by providing ex tens ive  s tud ie s  of th i s  cos t .  

T h e  prediction of fabrication c o s t s  involves t h e  
se lec t ion  of fabrication procedures and flowsheets 
and the  calculation of opera t ing  c o s t s ,  cap i ta l  
cos t s ,  and the c o s t s  of mater ia l s  used  in t h e  
processes.  Also,  one must apply cer ta in  factors 
such  as the  fabrication environment, t he  prospects 
of s u c c e s s  for t he  process ,  and the  method of 
financing. Because  a la rge  number of var iab les  
are involved in ca lcu la t ing  fabrication cos t s ,  w e  
previously developed three  computer programs to  

perform t h e  ca lcu la t ions  on a limited number of 
fuel-element types.  

T h e  programs work in t h e  following way. All  
t he  information concerning the  process  and t h e  
c o s t s  involved in the  p rocess  a r e  s tored  in  the  
computer program. When the  fuel element,  t h e  
plant in which i t  is to b e  fabricated,  and t h e  
manner in which t h e  plant is t o  b e  operated and 
financed a re  described, fuel fabrication c o s t s  c a n  
be ca lcu la ted  for a number of production ra tes .  

ment for ca lcu la t ing  fue l  fabrication costs con- 
s i s t  primarily of ex tens ion  of t he  codes  t o  in- 
c lude  fast-reactor fuels.  T h e s e  fue l s  present a 
unique problem in tha t  t he  core  fuel e lements  con- 
taining recyc le  plutonium require remote fabrica- 
t ion,  while t he  rad ia l  and ax ia l  b lanket  fue l  con- 
t a ins  depleted uranium and can  b e  fabricated in  
simple ventilated hoods. Two charac te r i s t ics  of 
fast-breeder-reactor fuel e lements  a r e  small  fuel 
diameter (less than 0.350 in.) and shor t  l engths  
(about 30 in.). Since both of t h e s e  dimensions 
restrict  t he  quantity of fuel per fuel rod, they 
produce a n  inc rease  in fuel fabrication c o s t s  rela- 
t i ve  to  current light-water reactor des igns .  Thus ,  
for fast-breeder-reactor fue ls ,  fabrication c o s t s  
assume an  even  more significant role in  determin- 
ing fuel cyc le  cos t s .  

A typical simplified fabrication flowsheet for 
breeder reactor fuel is shown in F ig .  35.1. A 
s ingle  fabrication plant produces both radial  
blanket and co re  fuel e lements  for a given reactor 
type. The  plant is phys ica l ly  divided into two 
areas ;  one is su i tab le  for remote fabrication of 
equilibrium-cycle mixed oxide (U02-Pu0,)  , while 

Our efforts for t h i s  year  in computer code develop- 

c 

‘A. L. Lot t s ,  Metals and Ceramics Div. Ann. Progr. 
R e p t .  June 30, 1964, ORNL-3670, pp. 254-55. 
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L O A D  L O W E R  
A X I A L  B L A N K E T  

L O A D  U P P E R  
A X I A L  B L A N K E T  

ROD FABRICATION 
A N D  I N S P E C T I O N  
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A N D  I N S P E C T I O N  

L O A D  R A D I A L  

ROD FABRICATION 
A N D  I N S P E C T I O N  

1 
F U E L  E L E M E N T  A S S E M B L Y  

A N D  I N S P E C T I O N  

Fig ,  35.1. Simplified F lowsheet  for Fabrication of Breeder Reactor F u e l  by Vibratory Compaction. 

the  adjacent area for fabricating radial blanket 
fuel is comparable to  ex is t ing  plants producing 
light-water-reactor fuel. Axial blanket fuel is 
s i zed  and c lass i f ied  along with the  radial  blanket 
material (both are depleted UO,). Fue l  for t h e  
lower region is loaded into the  c ladding  tubing and 
transferred to  the remotely operated sec t ion  of t h e  
plant for loading of core fuel and the upper ax ia l  
blanket. 

assess alternative fuel e lement  des igns .  Our 
evaluation of t h e  init ial  fuel  element des igns  was  
previously reported. , 3  Four additional fuel ele- 
ment des igns  were evaluated. Two, proposed by 
Atomics International-Combustion Engineering 
(AI-CE), were natural-enrichment uranium mono- 
carbide with SAP cladding and natural uranium 
metal coextruded with Zircaloy cladding as annular 

2T. N. Washburn and A. L. Lotts, Metals and Ceramics 
HWOCR FUEL FABRICATION COST ESTIMATES 

T. N. Washburn 

Div. Ann. Progr. Rep t .  June 30, 1966, ORNL-3970, 
pp. 205-08. 

Chapman, E. P. Epler, E. H. Gift, F. E. Harrington, 
M. L. Mvers. R. C. Olson, J. T. Roberts, R. Salmon, 

3P. R. Kasten, R. E. Adams, R. S. Carlsmith, R. H. 

~. 
One of the principal t a s k s  undertaken during the  J. P. Sanders, R. S. Stone,-D. R. Vondy, C. S. Walker, 

T. N. Washburn, L. E. Yeatts,  and F. C. Zapp, An 
Evaluation of Heavy-Water-Moderated Organic-Cooled 
Reactors ,  ORNL-3921 (January 1967). 

year was  the  continuation of t h e  Heavy-Water 
Organic-Cooled Reactor (HWOCR) evaluation to  

. 
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rings. T h e  other two des igns  were submitted by 
the  Babcock and Wilcox Company (B & W). One 
of t hese  cons is ted  of thorium-uranium oxide vi- 
bratorily compacted in SAP cladding; the other 
cons is ted  of thorium-uranium alloy coextruded with 
Zircaloy cladding as annular rings. T h e  de ta i l s  
of each  des ign  have been  d e ~ c r i b e d . ~ , '  

T h e  method of estimating fuel fabrication c o s t s  
was  cons is ten t  with and similar t o  that used in  the  
advanced converter evaluation. Both operating 
and capi ta l  c o s t s  were stored in the computer 
program for performing each  s t e p  of t he  fabrica- 
tion process  over a wide range of production rates. 
Cos t s  of tubing, end caps ,  and other i t e m s  of fuel- 
element hardware were specified,  with va lues  
covering the ranges of physical  dimensions, 
quality leve l ,  and procurement ra tes  required for 
different evaluations.  Input da ta  for each  particular 
c a s e  included a specification of the fuel element 
parameters, t he  fabrication process se lec ted ,  an- 
nual cap i t a l  charge ra te ,  an estimated reject rate, 
plant uti l ization factor,  and the  production ra tes  
of interest .  T h e  computer program then se lec ted  
the  appropriate cos t  for e a c h  s t e p  of the process 
and accumulated and manipulated these  c o s t s  for 
each  specified s e t  of conditions t o  ca lcu la te  the  
fuel fabrication cos t  in dollars per kilogram of 
heavy metal. 

grade UO, for the uranium monocarbide design, 
metal b i l le t s  for t he  natural  uranium metallic fuel 
design, sol-gel-produced high-density thoria- 
urania fragments for t he  oxide c a s e ,  and thorium 
powder briquettes with fully enriched uranium metal 
for the metallic fuel case. For each  of t hese  
fuels,  output of the fabrication plant cons i s t s  of 
fuel assembl ies  packaged for shipment and su i t -  
able for loading into the  reactor. 

Table  35.1 compares the  fuel-element des ign  
parameters and fabrication c o s t s  of t hese  four 
alternate HWOCR design concepts .  The  natural- 
fueled des igns  have low fuel fabrication c o s t s  per 
unit weight for three b a s i c  reasons: (1) large 

Input material to  the  fabrication plant is ceramic- 

4P. R. Kasten, An Evaluation of Heavy-Water-Moderated 
Organic-Cooled Reactors,  ORNL-3921, suppl. A (to be  
published). 

Organic-Cooled Reactors,  ORNL-3921, suppl. B (to be 
published). 

Advanced Converters, ORNL-3686 (January 1965). 

'P. R. Kasten, An Evaluation of Heavy-Water-Moderated 

M. W. Rosenthal e t  al . ,  A Comparative Evaluation of 6 

fuel loadings per piece fabricated,  (2) absence  of 
cri t icali ty problems, and (3) minimum health hazards  
t o  fabrication personnel. T h e  thorium-fueled con- 
cep t s  a re  designed to  operate at higher spec i f ic  
powers and thus  require thinner fuel sec t ions ;  they 
contain fully enriched uranium, which involves 
stringent criticality-control procedures; and the  
health hazards  assoc ia ted  with recycle thorium 
dic ta te  t he  need for remote fabrication fac i l i t i es .  

T h e  scale of production t o  supply fuel for a 
15,000-Mw(electrical) industry is a large extrapola- 
tion of ex is t ing  technology and experience for 
each  of the  fuel types.  Thus  the  cos t  es t imates  
obtained are based  primarily on engineering e s t i -  
mates and judgments. A significant amount of 
pilot-plant fabrication of uranium monocarbide h a s  
been reported. Uranium has  been  coextruded with 
Zircaloy cladding successfu l ly  on a production 
b a s i s  for a number of years.  Also, thorium-uranium 
a l loys  have been coextruded with Zircaloy cladding 
a t  Hanford,8 Savannah River,g and Nuclear Metals, 
Inc. There is no experience,  however, relative t o  
remote fabrication by th i s  process.  Therefore, 
the  accuracy of t he  cos t  es t imate  for the metallic 
thorium-uranium fuel assembly is probably less 
than tha t  for the  uranium assembly.  

T h e  major a rea  of extrapolation for fabrication of 
the  thorium co res  is the  large-scale application of 
remote operations required for recycle fuel. While 
sol-gel thoria-urania fuel h a s  been  vibratorily com- 
pacted a t  the  ORNL Kilorod Facility,"- '* and 
B & W h a s  evaluated the process  on a pilot-plant 

7D. K. Magnus, ESADA F u e l  Fabrication Develop- 
ment Program Terminal Report, AI-8700, Vols. I-IV 
(December 1963). 
8R. S. Kemper e t  al.,  Fabrication of Zircaloy-2 C lad  

Thorium-Uranium Alloy Fue l  Elements,  HW-79843 (March 
1964). 

Metal Fue l  Tubes  - Fabrication and  Irradiation in 
HWCTR, DP-943 suppl. (April 1965). 

Uranium-233 Oxide (Kilorod) Fac i l i ty  - Rod  Fabr ica-  
tion Process  and  Equipment, ORNL-3539 (April 1964). 

' IC. C. Haws, J. L. Matherne, F. W. Miles, and J. E. 
VanCleve, Jr., Summary of the Kilorod Project - A Semi- 
remote 10-kg/day Demonstration of 233U02-Th02 Fuel -  

Element Fabrication by the ORNL Sol-Gel Vibratory- 
Compaction Method, ORNL-3681 (August 1965). 

Time Study of F u e l  Rod Fabrication in the Kilorod 
Facil i ty,  ORNL-3740 (October 1965). 

'S. R. Nemeth, ed., Thorium-f . 4  wt % 235Uranium 

'OJ. D. Sease ,  F. C. Davis,  and A. L. Lotts,  Thorium- 

'*J. E. VanCleve, Jr., J. J. Varagpna, and A. L. Lot t s ,  

. 



T o b l e  35.1. Comparison of F u e l  Element Design Parameters and Fabrication Costsa - HWOCR 

A I - C E  B & W  

Fue l  compasition 

Fabrication cos t  

$/kg 
mills/kwhr (electrical)  

Fue l  diameter, in. 
Ring 1, OD 

Ring 1, ID 
Ring 2, OD 
Ring 2, ID 
Ring 3, OD 
Ring 3, ID 
Ring 4, OD 
Ring 4, ID 

Large rods (31) 
Small rods (6) 

Fuel  length, in. 

Fue l  per rod, kg heavy metal 
Ring 1 
Ring 2 
Ring 3 
Ring 4 

Rods per assembly 

Fabrication ra tes  

kg U/day 
rods (rings)/day 
assemblies /day 

Burnup, Mwd/MT 

uc U Th,U 

19.26 
0.30 

0.629 

8.90 
0.16 

40.89 
0.22 

27.96 
0.18 

3.168 
2.642 
2.477 
1.891 
1.754 
0.928 

4.730 
4.530 
4.130 
3.830 
3.430 
3.020 
2.620 
2.136 

0.471 
0.298 

42.7 

0.85 

41.5 

2.73 

43.0 45.0 

9.0 
7.5 
6.5 

12.4 
16.2 
17.9 
15.6 

4 19 3 37 

6722 
2460 
130 

8000 

7859 
216 
72 

6700 

2385 
2805 
76 

21,900 

2740 
175 
44 

19,600 

aBased upon 15,000 Mw(electrica1) industry, 260 operating days /year  for fabrication plant, 22% annual capi ta l  
charge rate. 

scale in a hooded facil i ty,  l 3  there is no experience 
to  da te  on operation of a remotely operated fabrica- 
tion plant a s  envisioned. However, a detailed 
engineering design of both facilities and equip- 
ment for remote fabrication h a s  been  a c c o m p l i ~ h e d ’ ~  

for the  Thorium-Uranium Recycle  Fac i l i ty  (TURF) 
a t  ORNL. In addition, des ign  s tud ie s  and evallia- 
tion of factors involved in plant extrapolations 
have been done extensively in other work a t  ORNL. 

AEC FUEL RECYCLE TASK FORCE 

T. N. Washburn ~ 

13G. Schileo and L. R. Weissert, “A Pi lo t  P lan t  for 
the Production of Th-U233 Recycle  Fuels ,”  paper 
presented at  the VIII Congress0 Nucleare of the Comitato 
Nazionale per L’Energia Nucleare, Rome, Italy, June 

W e  are participating in the  ac t iv i t ies  of t h e  AEC 
17-23, 1963. Fue l  Recycle  T a s k  Force  in their contribution to 

I4A. R. Irvine, A. L. Lot t s ,  and A. R. Olsen, “The updating the  1962 Report to the President on the 
Civilian Nuclear Power Program. We have the  
responsibil i ty for developing fuel fabrication c o s t s  

Thorium-Uranium Recycle Fac i l i ty ,”  Proceedings of the 
13th Conference on Remote Systems Technology, 1965, 
Am. Nucl. SOC., Hinsdale, Ill., 1966. 

c . 
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for a variety of reactor types .  T h e s e  include pres- 
surized-water and boiling-water reactors (includ- 
ing  plutonium recycle for each);  Heavy-Water- 
Moderated Organic-Cooled Reac tors  with alternate 
fue ls  of low-enriched uranium monocarbide, natural 
uranium monocarbide, natural  uranium metall ic 
fuel,  thorium-uranium oxide,  and thorium-uranium 
alloy; Heavy-Water-Moderated Boiling-Light-Water 
Reac tors  with natural  UO, fuel;  High-Temperature 
Gas-Cooled Reactor;  Steam-Cooled Breeder Re- 
actor;  Gas-Cooled F a s t  Reactor;  and Liquid-Metal- 
Cooled F a s t  Breeder Reac tors .  In addition to 
es t imat ing  t h e s e  fuel fabrication c o s t s  with com- 
puter codes  developed a t  ORNL, w e  a re  conduct- 
ing s tud ie s  into two c lose ly  a s soc ia t ed  areas:  

1. Development of a model for determining the  
economic optimum quantity of fuel material back- 

logged at  t he  fabrication plant a s  working inventory. 
T h i s  quantity is influenced by t h e  va lue  of t h e  
material, the  inventory charge  ra te ,  the  scale of 
production, and the  pena l t ies  suffered by down- 
time because  of a n  inadequate supply of material  
t o  process.  

2. Evaluation of an  economically optimum 
schedu le  for the  addition of fue l  fabrication capac i ty  
as a function of projected growth r a t e  of ins ta l led  
nuclear e lec t r ic  generating plants.  T h e  a l te rna t ives  
of building fabrication capac i ty  on an  “as-needed” 
bas i s ,  expansion of ex is t ing  p lan ts ,  and overbuild- 
ing capac i ty  based  upon future projected needs  
a re  being investigated.  

All of th i s  work is currently being conducted, 
and the  r e su l t s  a r e  not ye t  ava i lab le  for publica- 
tion. 

t 

. 



36. Thorium Utilization 

A. L. Lo t t s  

a 

T h e  simplification and c o s t  reduction of the 
thorium fuel cyc le  as it pertains to  the  processing 
of bred fue ls  h a s  been the  a im of a joint effort 
of the  Chemical Technology and Metals and 
Ceramics Divisions for severa l  years.  Since the  
recent evaluations of reactors tha t  would use  the  

dealing with the tes t ing  of coated-particle fuels,  
which is reported in Chap. 31 of th i s  report. 

THORIUM-URANIUM RECYCLE FACILITY 

A. L. Lo t t s  
Th-'"U fuel cyc le  have  shown that the  high- 
temperature gas-cooled reactor h a s  the  greatest  
potential for uti l ization of t h i s  cyc le ,  the  direction 
of our program h a s  changed to  place more emphas is  
on the fueled-graphite e lements  required for such  
reactors. The  development is aimed specifically 
at the  advanced reactor fuel element des igns  by 
General Atomics Division of General Dynamics 
Corporation, a s  exemplified by the fuel element 
for the  Fort  St. Vrain Reactor  of the  Publ ic  Service 
of Colorado. The  project is to  culminate in a 
demonstration of the  refabrication of fue ls  of the  
type tha t  would be used in tha t  reactor and larger 
power reactors us ing  s imi l a r  fuel. Also included 
in the  program is a demonstration of recycling fuel 
to the  Peach  Bottom reactor of the Philadelphia 
Electric Corporation. Fue l  e lements  for Peach  
Bottom would b e  of the  same type, but much 
smaller. 

We are comprehensively developing pilot-scale 
processes  and equipment for recycle of advanced 
HTGR fuels.  The  work includes process  develop- 
ment, engineering development, equipment design, 
pilot-scale demonstration of processing, product 
evaluation, and irradiation testing. T h e  program is 
tied quite closely to  the Gas-Cooled Reactor  
Project,  particularly that a spec t  of the  program 

T h e  final objective of the thorium-utilization 
program is to furnish da t a  and information on 
reprocessing and refabrication required for various 
fuel e lements  of the  thorium fuel cycle.  The  as -  
sessment  of such  recycling technology and eco- 
nomics requires the development of da ta  a t  pilot- 
scale production leve l  for t he  recycle processes.  
There may be  economic advantages in recycling 
fuel through low-decontamination processes  and 
then remotely refabricating fuel elements. Also, 
the  ' ' 'U decay in the  recycle fuel produces in- 
c reas ing  radioactivity and necess i t a t e s  biological 
protection. Consequently, we are now completing 
the  construction of the  Thorium-Uranium Recycle  
Fac i l i ty ,  which will permit the  development and 
evaluation of a variety of integrated fuel processing 
and refabrication schemes  a t  the necessary  pilot- 
scale levels.  

research and development a re  proceeding on the  
first fabrication l ine  to  be installed in TURF,  and 
the des ign  of the l ine  h a s  been init iated.  It will 
prepare sol-gel microspheres and refabricate 
prototype HTGR elements.  

obtained from another report. ' 

Concurrently with the  construction of the  facility, 

Detailed information on th is  program may be 

Bui I di na 
'R. G. Wymer and A. L. Lo t t s  (compilers), Status  

and Progress  Report  for Thorium Fue l  Cycle Develop- 
ment Dec. 31, 1966 (in preparation). 

., 

J. M. Chandler'  J.  W. Anderson ' 
'Chemical Technology Division. 
'General Engineering and Construction Division. 

T h e  Thorium-Uranium Recycle  Fac i l i ty  (TURF), 
a heavily shielded radiochemical treatment-fuel 
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element fabrication plant, is being constructed; 
shakedown operations of the  facil i ty will  be com- 
pleted by January 1968. T h e  construction contract  
for t h i s  $7,250,000 facil i ty w a s  awarded May 6 ,  
1965, t o  the  Blount Brothers Construction Company 
of Montgomery, Alabama. It now appears  that the  
fixed-price construction by Blount Brothers Con- 
struction Company will b e  completed in the  Fall 
of 1967. At the  completion of t he  fixed-price 
contract ,  a cost-plus-fixed-fee contractor will 
begin the  final phase  of the T U R F  construction 
project, which inc ludes  the  installation of the  
manipulator and c rane  sys t ems ,  w a s t e  sampling 
equipment, viewing windows, cell penetration 
c losures ,  and equipment mounting fixtures. T h i s  
contractor will also rework some construction 
i tems remaining from the  Blount contract .  Giffels 
and Rosse t t i ,  Inc., Detroit,  Michigan, is the  
architect-engineer for the  T U R F  des ign  and t h e  
fixed-price construction phase  of t h e  contract. 

Fueled-Graphite L i n e  

J .  D. S e a s e  S. E. Bolt’ 
F. C. Dav i s3  

We continued the  development and des ign  of a 
remote fabrication l ine  that will  be  ins ta l led  in  
T U R F  to demonstrate the  refabrication technology 
of High-Temperature Gas-Cooled Reac tor  (HTGR) 
fuel elements.  Advanced HTGR fuel e lements  
cons i s t  of graphite b locks  with ho le s  for fuel and 
for t he  pas sage  of the  coolant gas. T h e  fuel ho les  
are filled with pyrolytic-carbon-coated microspheres 
of thoria and urania in  a carbonaceous matrix. Fo r  
the des ign  of the  fabrication l ine,  t he  reference 
fuel element is based  on the  des ign  of t he  Publ ic  
Service of Colorado For t  St. Vrain Reac tor  (PSC) 
fuel element and c o n s i s t s  of a 3.5-in.-diarn 
hexagonal block modified to  fi t  t he  ex is t ing  P e a c h  
Bottom core. In F ig .  36.1, a segment of the  refer- 
ence  fuel element shows  the  pertinent des ign  
features.  Even  though the modified P e a c h  Bottom 
element will  b e  the  des ign  reference, only a mini- 
mum amount of retooling will  b e  required to make 
the larger e lements  for PSC (14.5-in.diam hexagonal 

‘A. R. Irvine, A. L. Lot t s ,  and A. R. Olsen, “The 
Thorium-Uranium Recycle  Facil i ty,” pp. 19-24 i n  
Proceedings of the 13th Conference on Remote Systems 
Technology, 1965, American Nuclear Society, Hinsdale,  
Ill., 1966. 

’On loan from Reactor Division. 
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Fig. 36.1. Modified PSC Element for the Peach 
Bottom Reactor. 

block containing 216 fuel holes). T h e  des ign  
production rate for t he  fabrication l i ne  h a s  been 
es tab l i shed  a t  10 kg/day of fissile material  and 
10 kg/day of fe r t i l e  material. T h e  flexibility of 
the des ign  will permit u s  to handle and fabr ica te  
any combination of 2 3 5 U 0 2 ,  2 3 3 U 0 2 ,  and T h o 2  
that may b e  se l ec t ed  for t h e  optimum fuel cycle.  
The  production capac i ty  of t he  present  des ign  in  a 
24-hr day ,  with a 70% plant factor, is approximately 
30 Peach Bottom segments  30 in. long  or  2 P S C  
elements 30 in. long. 

T h e  p rocess  flow diagram for t he  T U R F  fueled- 
graphite refabrication l i ne  is shown in  F ig .  36.2. 
A general  d iv is ion  of t h i s  p rocess  l i ne  i n  t h e  
T U R F  hot cells based  on contamination l eve l s  is 
represented by the  shading  around segments  of the  
flowsheet. T h e  opera t ions  tha t  involve potential  
contamination or d i rec t  con tac t  with fue l  par t ic les  
will b e  carried on i n  cell D; t he  relatively c l e a n  
operations of element assembly and inspection 
will b e  carried on in cell E. In the particle- 
coa t ing  operations,  par t ic les  will  b e  transferred 
by a pneumatic system. 

Scaled-down production-type equipment will  b e  
used  for t he  fueled graphite l ine  t o  provide tech- 
nical  and economic information applicable to  a 
production facil i ty.  T h e  equipment for cell D, 

c 
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Fig. 36.2. Process Flow Diagram for Recycle HTGR Fuel i n  TURF.  
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because  of the  high probability of contamination, 
will b e  capable  of installation, maintenance, and 
removal by the  cell remote-handling equipment. 
In cell E, where l i t t l e  contamination is expected, 
provisions for maintenance by manipulators will  
not be ex tens ive .  

W e  have completed the  conceptual des ign  of 90% 
of the  p rocess  equipment in cell D and 10% of t h e  
equipment in cell E. We completed a detailed 
study of the  process  control and d a t a  handling 
requirements, which represents  approximately 75% 
of t h e  conceptual des ign  of th i s  phase  of our 
engineering effort. Our de ta i led  des ign  effort was  
concentrated on t h e  prototype remote coa t ing  and 
effluent handling system. T h i s  des ign ,  represent- 
ing 5% of t h e  cell D de ta i led  design requirement, 
was  completed, and the  equipment is be ing  fab- 
ricated.  

A crit ical-path schedule  was  developed and is 
being u s e d  i n  t h e  execution of the project. T h e  
scheduled  da te  for completion of fabrication and 
installation of the  process  in the  T U R F  and the  
init iation of cold process ing  runs i s  l a t e  1969. 

F U EL ED- GR APH I T E D EV E LO PM EN T 

J. D. S e a s e  

Our development of fueled-graphite p rocesses  is 
directed towards fulfilling the  requirements of the  
design of t h e  T U R F  fueled-graphite l ine.  Our main 
concern is to develop simplified p rocesses  that 
will result  i n  t he  lowes t  fuel-cycle cos t s .  In some 
cases we must develop spec ia l  p rocesses  to  meet 
the requirements of the  T U R F  remote environment. 
The  work is in f ive  parts:  particle handling, 
particle coating, par t ic le  inspection, particle 
blending and bonding, and fuel element inspection. 

P a r t i c l e  Handl ing 

J. T. Meador’ 

In pas sage  through the  fabrication l ine,  10 kg  or 
10’ par t ic les  per day of fissile materials must b e  
stored, weighed, transferred, coa ted ,  c lass i f ied ,  
shape-separated,  inspec ted ,  blended, and d is -  
pensed. Another 10 kg of fert i le material  is added 
a t  t he  blending and d i spens ing  s tep .  W e  have 
developed a variety of dev ices  t o  sa t i s fy  t h e s e  
requirements. A pneumatic fuel-transfer sys tem 

was  developed, which c a n  transfer coa ted  par t ic les  
without damage through at least 50 ft  of ‘/,-in.-OD 
tubing with verticle lift of 16 f t  a t  r a t e s  near 500 
g/min. A new high-efficiency shape-separation 
process  was  developed, which minimizes particle 
interference during separa t ion  and a l lows  gradation 
of the  par t ic les  by shape .  T h e  c lass i f ica t ion  
process  to grade uncoated and coa ted  fuel par t ic les  
within *5 p and with a minimum of screen  blinding 
was  developed; it u s e s  precision e tched  s c r e e n s  
and a natural-frequency vibratory feeder unit. 

P a r t i c l e  Coat ing 

R. B. P ra t t  S. E. Bolt’ 

T h e  coa t ing  of nuclear fuel par t ic les  with pyro- 
lytic carbon probably represents  the  most expens ive  
s t e p  in fabricating HTGR fue l  elements.  The 
principal requirement is tha t  t he  par t ic les  should 
have  duplex pyrolytic carbon coa t ings ,  t he  interior 
layer having  a low dens i ty  of less than 1.2 g/cm3. 
W e  a r e  seek ing  the  bes t  combinations of process-  
ing  parameters, g a s e s ,  and equipment to meet t hese  
spec i f ica t ions  on an  engineering scale. 

sys tems,  6 , 7  t he  fluidized-bed coa ter  appears  to b e  
the  b e s t  for remote operation; therefore, e s s e n -  
t ially all of our efforts have been concentrated on 
the  development of fluidized-bed coa t ing  and the  
design of a prototype remote fluidized-bed coa t ing  
system. 

A 5-in.-diam coa t ing  chamber with a single-inlet  
nozzle w a s  used  in m o s t  of our experiments. Over 
400 experimental coa t ing  runs were made in  defin- 
ing  the  coa t ing  conditions of t h i s  sys tem,  F i r s t ,  
a p rocess  was  developed to produce buffer coat- 
ings  with controlled dens i ty  from 0.4 to  1.4 g/cm3 
on bare 230-p-diam par t ic les  in ba t ches  up  to 1500 
g of (Th,U)O, par t ic les .  T h e  coa t ing  is depos i ted  
a t  approximately 120OOC with ace ty lene  as the  
carbon supply.  T h e  variation in  dens i t i e s  w a s  
obtained primarily by controlling t h e  to ta l  g a s  flow 
and the  partial  p ressure  of ace ty lene  in  a dilution 
gas  s u c h  as helium. Temperature variation of t he  

After investigation of a number of coa t ing  

6H. J. Flamm, An E n  trained-Fluidized-Bed System 
for Pyrolytic Carbon Coating of Microspheres, ORNL 
report in preparation. 

’A. L. Lot t s  and R. L. Pilloton, “Fueled-Graphite 
Development,” S ta tus  and  Progress  Report  for Thorium 
Fue l  Cycle Development for Per iod  Ending  Dec. 31, 
1965, ORNL-4001, pp. 69-92. 
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coating chamber between 1000 and 130OOC had 
minimal effects on the coating properties. 

coating, we have concentrated our efforts on a low- 
temperature coating process  (1200 to 15OO0C) 
using propane and propylene a s  the  carbon-supply 
gases.  T h e s e  gases  have  severa l  advantages over 
methane, the  g a s  most generally used  in the coat-  

In developing the high-density isotropic outer 

ing of nuclear fuel particles.  In comparison with 
methane, propane and propylene can  produce an 
isotropic high-density coating a t  a deposit ion 
temperature of 500 to  6OOOC lower and with a 
deposit ion rate of 4 t o  5 times greater. We have  
defined the  temperatures and gas  flow conditions 
to produce isotropic (Bacon anisotropic factor 
<1.1) coatings with dens i t i e s  of about 1.9 g/cm3 

. 
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a t  coa t ing  r a t e s  up  to 3 p/min. T h e s e  coa t ings  
a re  deposited on buffer-coated par t ic les  from 
both propane and propylene. 

Based  on our exper ience  with the 5-in. coa t ing  
sys tem,  a prototype remote fluidized-bed coa t ing  
sys tem w a s  designed and is now being fabricated. 
It c o n s i s t s  of a 5-in.-diam fluidized-bed coa ter ,  
s e rv i ces ,  loading and unloading sys tem,  and 
instrumentation to monitor and control t he  process.  
T h e  coa t ing  furnace portion of t h i s  sys tem is shown 
in  F ig .  36.3. 

Part ic le  In spection 

W .  H. Pech in  B. E. Fos t e r  
S. D. Snyder 

In the  present concept  of t h e  fueled-graphite 
l ine,  particle inspection will  b e  performed in  a 
shielded analytical  glove box on a small repre- 
sen ta t ive  sample of each  lot  of particles.  Prop- 
e r t ies  t o  b e  determined will  include density of the  
buffer coating and the  outer coating, mean va lues  
and standard devia t ions  for t he  kernel diameter 
and the th ickness  of the  buffer coa t ing  and outer 
coating, shape  of the  final product, sea l ing  ef- 
ficiency of the  coa t ing ,  and strength of t he  
coating. 

th ickness  and density.  In support of t h e  coa t ing  
development work, t he  coa t ing  dens i ty  h a s  been 
calculated from the  density of the  whole particle 
as determined with a mercury porosimeter and the  
coating weight determined by burning the  carbon 
off the T h o ,  kernels.  

T h e  e f fec ts  of t h e  experimental errors i n  weight 
and mercury porosimeter determinations were 
investigated and found to resu l t  i n  a standard error 
of i0 .026  g/cm3 for t he  low-density coa t ing  and 
iO.011 g/cm3 for t h e  high-density coating. Other 
methods were compared with t h e  mercury porosim- 
eter,  including helium pycnometer, sink-float t e s t  
of a d isk  stripped from a carbon subs t r a t e  coated 
along with the  par t ic les  i n  t h e  fluidized bed, and 
gradient density determinations on both the  d isk  
and coa ted  par t ic les .  T h e  sink-float and gradient 
density determinations were found to  b e  from 0.03 
to 0.12 g/cm3 higher than t h e  mercury porosimeter 
results.  T h e  gradient dens i ty  determinations on 
whole par t ic les  agreed on t h e  average with the  
mercury porosimeter, but s i n c e  the  gradient 
density method requires the  u s e  of sa tura ted  solu- 

T h e  main effort so  far h a s  been on coa t ing  

t ions tha t  must b e  kept  a t  cons tan t  temperature 
above room temperature, they require considerably 
greater effort and care.  T h e  difference between 
gradient density r e su l t s  on t h e  d i s k s  and on t h e  
whole par t ic les  was  attr ibuted t o  t h e  f ac t  tha t  
organic so lu t ions  tha t  were used  for t h e  former 
wet the carbon more readily and  caused  greater 
infiltration of open porosity. 

by measurement from a microradiograph. T h e  
shape  factor presently being used  is t h e  ratio of 
the  minimum t o  the  maximum diameter on a micro- 
radiograph of t h e  coa ted  particle.  No work h a s  ye t  
been done on coa t ing  strength or s ea l ing  efficiency. 

T h e  mercury porosimeter and burn-off methods 
apply to par t ic les  with a s ing le  coating; however, 
when t h e  high-density coat is applied over a low- 
density coa t  there  is a n  infiltration of the  low- 
density coa t ing  increas ing  i t s  density.  T h i s  
effect  was  inves t iga ted  by including undersized 
bare par t ic les  with each  ba tch  of buffered material 
charged to  the  furnace for overcoating. After the  
run, t h e  undersized material  w a s  s i f t ed  out of the 
charge and analyzed to determine t h e  density of 
the  overcoat. With a known overcoat dens i ty ,  the  
inc rease  in  dens i ty  of t h e  buffer c o a t  could b e  
determined. T h e  dens i ty  inc rease  w a s  found to  be  
a function of s ta r t ing  dens i ty ,  g a s  flux, tempera- 
ture, and hydrocarbon gas .  T h e  effect  h a s  been 
evaluated on t h e  b a s i s  of the fraction of t he  open 
pore volume of t h e  buffer coat that was fi l led with 
carbon during t h e  overcoating process .  T h i s  
fraction varied from 20 to 70% and was  a maximum 
in  the  1200 to  1 3 O O O C  temperature range for 
propane and propylene. T h e  e f fec t  w a s  less 
pronounced with propylene, for which t h e  maximum 
for a g a s  flux of 2.0 cm3/sec per squa re  centimeter 
of par t ic le  sur face  was  55% a t  128OoC, compared 
to  a maximum of 70% a t  125OOC for propane. 

Metallography h a s  been u s e d  to e s t ima te  the 
anisotropy factor of t h e  coa t ings ,  based  on the  
intensity of t h e  cross formation observed under 
plane-polarized light. T h e  quantitative determina- 
tion of anisotropy is b a s e d  on an x-ray diffraction 
ana lys i s ,  which measures  t h e  ratio of the  inten- 
s i t i e s  of the  0.02 diffraction peaks  from b a s a l  
p lanes  parallel  and perpendicular t o  t h e  deposit ion 
plane. 

In addition to t h e  more conventional ana ly t ica l  
techniques,  w e  a re  inves t iga t ing  a number of 
sys t ems  for coa t ing  ana lys i s  that  will  b e  more 
amenable to requirements of t h e  T U R F  operation. 

T h e  variation in coa t ing  th ickness  is determined 

r 
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3T I C L E CONTAIN MEN 1 
CELL 

Fig. 36.4. Part ic le Coating Thickness Scanner. 

An automatic par t ic le  counter and size analyzer 
h a s  been  procured and is be ing  invest igated as a 
means to provide the coat ing th ickness  and densi ty  
data  in  less t i m e  and for a larger sample.  

An in-line process  monitor for measuring t h e  
average th ickness  of pyrolytic carbon on T h o ,  
microspheres is being developed. For  th i s  s y s -  
tem,  we have  chosen an x-ray attenuation technique 
using 2 4  Am as the radiation source and a NaI(T1) 
c rys ta l  opt ical ly  coupled to a photomultiplier tube 
as t h e  detector.  

Figure 36.4 shows the scanner  mechanism, 
detector, and electronic  instrumentation. T h e  con- 
tainment cell for t h e  microspheres is made of 
0.020-in.-thick beryllium. T h e  ins ide  cell dimen- 
s ions  are  '/16 in. wide x 2 in. long x 1 in. high. 
T h e  cell is filled with the  coated microspheres 
and moved into the  radiation beam for measurement. 
The  scint i l la t ion detector  monitors the transmitted 
radiation intensity. Through proper calibration, 
the transmitted intensi ty  c a n  b e  related to t h e  
coat ing thickness  on  a spec i f ic  kernel diameter. 
T h e  output current is read directly in  coat ing 
thickness  uni ts  (p). 

T h e  system h a s  been used qui te  successfu l ly  
on spec i f ic  kernel diameters  within the  range of 
230 to 380 p with carbon coat ing th icknesses  of 
10  to 170 p. T h e  equipment must b e  recalibrated 
for different kernel diameters.  T h i s  is accom- 
plished by u s e  of accurately s ized  kernels  with 
known uniform coat ing thicknesses .  T h e  coat ing 
thickness  for ini t ia l  calibration is achieved by 
measuring t h e  th ickness  with low-voltage micro- 
radiographs of single-layer microspheres. 

A similar technique using lower x-ray energies  
is being developed to measure the  coat ing 
densi t ies .  

Bonding of Pyrolytic-Carbon-Coated 
Fuel  Par t ic les  

J. M. Robbins R. L. Hamner 

We studied methods for loading coated fuel 
par t ic les  into t h e  fuel ho les  of graphite fuel ele- 
ments s i m i l a r  to the design proposed for the Fort  
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St. Vrain Reactor.  
t ions require tha t  the fissile and fert i le fuel particles 
b e  of two s i z e s ,  b e  homogeneously blended and 
loaded in to  the  fuel ho les  to  a packing density of 
60 to 64  vol %, b e  bonded together so that they 
would not sp i l l  freely into the reactor i f  a fuel 
element were broken, and be  provided with a s  
much carbon a s  poss ib le  in the bonding material 
for cesium absorption. 

Conventional techniques for blending particles 
were unacceptable.  We designed equipment for 
blending particles by controlling the feed ra tes  
of the different-size par t ic les  as they flowed 
simultaneously from separa te  feed hoppers into a 
simulated fuel hole. By th i s  technique, the 
maximum deviation from the  idea l  blend was  less 
than 576, an  acceptab le  value. 

W e  bonded the  coa ted  fuel par t ic les  in to  so l id  
cylindrical rods (which we ca l l  fuel s t i cks )  by 
injecting phenolic res in  and powdered charcoal 
into the  in te rs t ices  of particles contained in 
metal molds and heating the assembly a t  8OoC 
for 40  hr t o  polymerize the resin. After removing 
the  fuel s t i cks  from the molds, we heated them 
a t  1000°C in helium to  carbonize the  resin. 

We made fuel s t i cks  0.5 in. in diameter and 1 2  
to  30 in. long with fue l  loadings of 60  to  64  vol 
% and bonding matrix carbon concentrations of 0.7 

' t o  0.8 g/cm3. We found that (1) shrinkage of the  
bonding matrix during carbonization did not affect 
the  dimensions of the fuel s t ick ;  (2) par t ic les  
having methane-deposited coatings were s a t i s -  
factorily bonded; (3) particles having porous 
propylene-deposited coatings were so strongly 
bonded to the matrix that the coa t ings  cracked 
during shrinkage of the matrix and a l s o  upon 
fracture of the fuel s t i cks ;  and (4) particles having 
smooth, nonporous coatings of s i l icon  carbide or  
of pyrolytic carbon deposited from propylene were 
not bonded a t  all.  

W e  propose ultimately to insert  the  fuel s t i c k s  
into the  fuel ho le s  and to carbonize them in t h e  
fuel block. 

Tenta t ive  loading spec i f ica-  

Fuel Element Inspection 

B. E. Fos te r  S. D. Snyder 

fuel element. Our technique u s e s  the  principle of 
x-ray through transmission t o  de tec t  density dif- 
ferences caused  in the s t ick  by differences in the  
packing of t he  two sizes of particles.  

T h e  equipment cons i s t s  of a Norelco 50-150 kv 
constant potential  commercial x-ray unit, a 
beryllium-window 150-kv constant potential x-ray 
tube, a NaI(T1) crystal-photomultiplier combina- 
tion detector,  a high-voltage power supply, a 
strip-chart recorder, and assoc ia ted  s igna l  proc- 
e s s i n g  instrumentation. T h e  x-ray beam is col- 
limated t o  a diameter of 0.078 in. a t  the  sur face  
of t h e  specimen. 

tem was  obtained through the  u s e  of aluminum 
th icknesses  equivalent i n  x-ray attenuation to  
that of t h e  fuel s t i c k s  with an x-ray energy and 
intensity of 120  kv cons tan t  potential and 0.25 
ma, respectively. To es tab l i sh  more confidence 
in t h e  technique and its calibration, additional 
fuel s t i c k s  differing in average fuel loading will 
b e  evaluated with the system. 

Approximate preliminary calibration of the  s y s -  

A D V A N C E D  F U E L  C Y C L E  
PROCESS D E V E L O P M E N T  

A. R. Olsen 

A preliminary economic ana lys i s  h a s  been  made 
for four alternate fuel-rod fabrication techniques 
based on the  unique properties of various sol-gel 
process products. T h e  fuel-rod fabrication cos t s ,  
independent of the  sol-gel process  cos t s ,  show 
the Sphere-Pac process  to  be  l ea s t  expensive,  
followed by extrusion, vibratory compaction, and 
pellet  p ress ing  in that order. Since t h e s e  economic 
ana lyses  are based  on the current state of develop- 
ment, which is limited in some c a s e s ,  we are 
continuing the  development of all the  alternate 
fabrication techniques a t  l ea s t  until the  economic 
s tudies  indicate which development should be  
discontinued. T h e  fabrication development is 
closely coordinated with concurrent sol-gel proc- 
ess developments. In addition, the  techniques 
developed for one fuel type are used to  guide the 
development for other fuel types.  

In fuel element inspection our work h a s  been  
mainly confined to tes t ing  the homogenity of the  
fuel s t i ck  prepared with par t ic les  of two different 
s i z e s  to  simulate the fissile and fert i le fuel i n  the 

8R. L. Pat terson and R. F. Walther, Trans. Am. Nucl .  

9 
SOC.  9(1), 313 (June 1966). 

J. M. Robbins and R. L. Hamtier, GCR Program 
Semiann. Progr. Rept .  Mar. 31, 1967, ORNL-4133, pp. 
16-24. 
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Sol-Gel Extrusion o f  Thor ia-Base Ceramics 

R. B. Fit ts  J. D. S e a s e  

I 

I 

Sol-gel extrusion is the  combination of extru- 
s ion ,  which is a high-production-rate fabrication 
technique, and t h e  sol-gel process.  T h e  sol-gel 
process  y ie lds  a homogeneous clay-like material 
that  will s in te r  a t  low temperature (1150°C for 
T h o  2)  and is su i t ab le  for extrusion. ’ O- 
sol-gel c l ay  is formed by precipitation from a sol 
of t h e  desired oxide material, T h i s  sol-gel c l ay  a t  
10 to 12 M may be  extruded with standard ceramic 
extrusion equipment to  form high-density bodies  
(about 99% of theoretical  density). T h e  sol-gel 
clay may also b e  mixed before extrusion with 
sol-gel-derived powders to produce bodies  with 
controlled dens i t ies  i n  t h e  range from 75 to  98% 
of theoretical ,  as shown in F ig .  36.5. We demon- 
s t ra ted  th i s  process  in laboratory-scale work, 
producing solid and cored thoria extrusions i n  
diameters up t o  0.5 in. and lengths  t o  3 in. T h e  
general e f fec ts  on extrusion density,  microstruc- 
ture, and dimensional tolerances of preaddition 
hea t  treatment of the sol-gel powders and of 
various drying techniques were defined in t h i s  
work. T h i s  process ,  proven in  the  thoria sys tem,  
may enable  improvement and economy in  the  
fabrication technology for ceramic s h a p e s  of 
materials such  as  urania,  plutonia, zirconia,  
alumina, and other ceramics  tha t  c a n  b e  made 
by the  sol-gel process.  

T h e  

Pel le t i z ing  of Sol-Gel Thoria-Urania Powders 

J .  G. Stradley J .  M.  Robbins 

The  interest  i n  sol-gel fue l  materials for nuclear 
applications s t ems  from t h e  amenability of the  
sol-gel process  to the  recyc le  of fue l s  and to i t s  

‘OR. B. Fitts and J. D. Sease ,  Metals and Ceramics 
Div. Ann. Progr. Rept.  June 30, 1966, ORNL-3970, pp. 
219-20. 

”R. B. F i t t s ,  A. B. Meservey, J. D. Sease,  and A. L. 
Lotts,  “Extrusion of Thoria Bodies from Sol-Gel Clay,” 
presented a t  the American Ceramic Society Annual 
Meeting in New York, May 1967. 

”R. B. Fi t t s ,  J. D. Sease,  and A. L. Lotts,  “Prep- 
aration of Ceramic Nuclear F u e l s  by Sol-Gel Extrusion,” 
presented a t  the AIChE Symposium on Preparation of 
Nuclear Fuel  Materials, Sa l t  Lake  City, Utah, May 
1967; to be  published in a Chemical Engineering 
Progress  Symposium Ser i e s  volume on Nuclear 
En ginee rin g . 
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Fig. 36.5. Effect  of Powder Additions to Sol-Gel 

Clay on Green and Sintered Densi t ies  of Extruded Tho2. 

abili ty to  produce homogeneous mixtures of fissile 
and fe r t i l e  materials tha t  c a n  b e  s in te red  to high 
dens i t i e s  (> 97% of theoretical)  at low temperatures 
(approximately 1150°C). In t h e  pas t ,  t hese  mate- 
rials have been prepared in two forms: fragments, 
for u s e  in metal-clad fuel elements,  and  micro- 
spheres ,  which could b e  either coa ted  with 
pyrolytic carbon for u s e  in graphite-matrix fuel 
e lements  or u sed  bare in metal-clad elements.  We 
extended the  technology of fabricating sol-gel 
materials t o  t h e  preparation of pe l le t s  by cold 
press ing  and sintering. ’ 

T h e  material used  in  our s tud ie s  w a s  a -200 
mesh powder derived from a thoria-urania sol-gel 
containing 6.5% U. In these  s t u d i e s  we considered 
the  following fabrication variables:  

Powder calcination temperature: Uncalcined, 200, 400, 
and 750°C 

Powder moisture content: 

Forming pressures:  

1 and  5% 

Uniaxial forming a t  2000, 3500, 
and 6500 ps i  followed by a second 
forming s tage  of i sos ta t ic  press ing  
a t  20,000, 40,000, and 60,000 ps i  
for each uniaxial pressure level 

Sintering atmosphere: Air, helium, and hydrogen 

13J. M. Robbins and J. G. Stradley, “Fabrication of 
Sol-Gel Derived Thoria-Urania by Cold P res s ing  and 
Sintering,” paper presented a t  the American Ceramic 
Society Meeting, New York, May 2, 1967; to be 
published. 

. 
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In preliminary experiments,  we sintered sol-gel 
pe l le t s  a t  temperatures ranging from 1200 to  
165OOC to e s t ab l i sh  an  optimum s in te r ing  tempera- 
ture for our s tud ies .  T h e  dens i t ies  increased about 
3% from 1200 to  1425OC, and n o  further densifica- 
tion occurred between 1425 and 1650OC. We 
therefore sintered a l l  pe l l e t s  prepared for t h e s e  
s tud ies  a t  1425OC for 1.25 hr. 

T h e  green strength,  green dens i ty ,  and sintered 
density of t h e  pe l l e t s  decreased  as the  powder 
calcination temperature w a s  increased. However, 
the  effect  of calcination temperature on the  sintered 
density was  much less for pe l l e t s  formed at very 
high pressures  (60,000 psi). T h e  e f fec t  of the  
uniaxial  forming pressure  on  t h e  sintered density 
was  not significant.  T h e  s in te red  dens i t i e s  of 
pellets were increased  by increas ing  t h e  i sos t a t i c  
pressure in the  second s t a g e  of forming. Also,  
the  structure of the  s in te red  pe l le t s  appeared to  
be‘more strongly influenced by the  i sos t a t i c  form- 
ing pressure than by t h e  o ther  variables studied. 

An increase  in t h e  moisture conten t  of powders 
calcined under the  same conditions caused  an  
increase  in t h e  s in te red  dens i ty  and tended to 
equal ize  t h e  e f fec t  of forming pressure.  T h e  
pe l le t s  were denses t  when sintered in air, s l igh t ly  
l e s s  dense  when s in te red  in helium, and appre- 
ciably l e s s  d e n s e  when s in te red  in  hydrogen. It 
was necessary ,  however, t o  treat  t he  air-sintered 
pe l le t s  with hydrogen to reduce  the  oxygen-to- 
uranium ratio from 2.67 t o  2.00, but th i s  did not 
appreciably affect  t h e  s in te red  density.  

Under the  most favorable conditions of powder 
calcination temperature, powder moisture content,  
forming pressures ,  and s in te r ing  atmosphere, we 
produced 0.5-in. right cylindrical  pe l le t s  with 
dens i t ies  as high a s  95% of theoretical .  However, 
we produced pe l le t s  having a wide range of 
dens i t ies  (down to 78% of theoretical)  by selec- 
tively ad jus t ing  the  fabrication variables.  

Fo r  thermal conductivity measurements,  we 
prepared (Th,U)O, specimens 2 in. i n  diameter 
and 0.5 in. thick ranging from 85 to 93% of 
theoretical  density.  However, a t tempts  to  achieve  
very high dens i t ies  (?95% of theoretical)  i n  s u c h  
large pe l le t s  resulted in  cracking during sintering. 

Low-Energy Microsphere Packing (Sphere-Pac) 

A. R. O l sen  R.  B. F i t t s  

T h e  sol-gel microsphere forming p rocess  y ie lds  
a dense  spher ica l  particle tha t  is ideally su i t ed  
for fabrication of oxide nuclear fuel rods by low- 
energy vibratory compaction. T h e  in i t ia l  work on 
t h i s  technique 
produce oxide fuel rods with dens i ty  83.5% of 
theoretical  by volume packing of microspheres,  
uti l izing readily ava i lab le  T h o  , sol-gel spheres .  
T h i s  w a s  accomplished by Sphere-Pac, the sequen-  
t ia l  loading of coa r se  and f ine  microspheres with 
low-energy vibration to  fac i l i t a te  t h e  infiltration 
of t h e  f ine  sphe res  in to  the coa r se  bed. 

W e  have  s i n c e  extended t h e  application of 
Sphere-Pac fabrication to  produce fue l  e lements  
for irradiation tes t ing  of UO,, (U,Pu)O,,  and  
(Th,Pu)  0, sol-gel microsphere fuels.  W e  
produced 33 t e s t  rods in diameters from ‘/4 t o  5, 
in. and lengths up to 2 ft. All of t h e s e  rods 
packed to  a sphere  packing  dens i ty  of 83.5 k 0.5%. 

T h e  principal unknown property tha t  will  influ- 
ence  the u s e  of t h i s  fabrication technique for 
reactor fue l s  is the thermal conductivity. Init ial  
s tud ie s  on th i s  property a re  described in P a r t  I, 
Chap. 9 of th i s  report and in more de t a i l  else- 
where. ’ 

demonstrated that w e  could 

IRRADIATION OF THORIA-BASE 
BULK OXIDE FUELS 

A. R. Olsen  

T h e  irradiation t e s t ing  and evaluation of metal- 
clad thoria-base bulk oxide fue ls  is continuing. 

“A. R. Olsen  and J. D. Sease,  Metals and  Ceramics 
Div. Ann. Progr. Rept.  June 30, 1966, ORNL-3970, p. 
220. 

Gel Urania Plutonia Microsphere Preparation and 
Fabrication Into Fue l  Rods,” to be presented a t  the 
AIME Nuclear Metallurgy Symposium, “Plutonium F u e l s  
Technology,” October 1967 and published in a volume 
of Nuclear Metallurgy. 

16J. P. Moore, T. G. Kollie, R. S. Graves, and D. L. 
McElroy, Thermal Conductivity Measurements on Solids 
Between 20 and 15OOC Using a Comparative-Longitudinal 
Apparatus: Resu l t s  on MgO, BeO, Tho,, ThxU,-x02+y 
and AI-UO, Cennets,  ORNL-4121 (June 1967). 

15F. G. Kitts ,  R. B. F i t t s ,  and A. R. Olsen, “Sol- 
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Previously reported resu l t s  7 - - 2 3  have  shown that 
sol-gel-derived thoria-base fue ls  fabricated by 
high-energy vibratory compaction perform as well 
a s  pelletized thoria fue ls  and tha t  all thoria-base 
fue ls  are superior to  urania-base fue ls  in irradia- 
tion performance charac te r i s t ics .  W e  are con- 
tinuing t o  investigate the e f fec ts  of extended 
burnup, higher heat ratings,  and sol-gel process- 
ing on the  performance of t hese  fuels.  We init iated 
t e s t s  on crossed  progeny fue ls ,  (Th-5% Pu)  0 
microspheres, fabricated into fuel rods by the  
Sphere-Pac technique. T h e  current irradiation 
t e s t  program is outlined in Table  36.1. 

Currently we have nine fuel rods under postir- 
radiation examination. Three  of t h e s e  rods con- 
tained pellets of (Th-4.5% U)O,  and have  been 
irradiated to a burnup leve l  of approximately 
150,000 Mwd per tonne of Th  + U (15% FIMA, 
f i ss ions  per init ial  metal atom). T o  da te  only 
cladding diameter measurements are available,  
and these  indicate a p las t ic  s t ra in  of less than 
1%, which supports the  previous conclusion* 
that t he  fission-product-induced swel l ing  is in 
part accommodated by volume changes  result ing 
from the  transformation of thorium to uranium and 
protactinium. 

W e  a l so  s ta r ted  the  examination of t he  two rods 
in the  MTR I1 group tha t  have  been exposed to  a 

17R. G. Wymer and A. L. Lot t s  (compilers), S ta tus  
and Progress Report for Thorium Fue l  Cycle Develop- 
ment Dec. 31, 1966 (in preparation). 

“A. R. Olsen, J. W. Ullmann, and E. J. Manthos, 
Status and Progress Report  for Thorium Fue l  Cycle  
Development Dec. 31,  1965, ORNL-4001, pp. 102-12. 

”S. A. Rabin, J. W. Ullmann, E. L. Long, Jr., M. F. 
Osbome. and A. E. Goldman, Irradiation Behavior of 
High-Burnup Th02-4.45% U 0 2  F u e l  Rods,  ORNL-3837 
(October 1965). 

‘‘A. R. Olsen, D. B. Trauger, W. 0. Harms, R. E. 
Adams, and D. A. Douglas, “Irradiation Behavior of 
Thorium-Uranium Alloys and Compounds,” pp. 246-91 
in Utilization of Thorium in Power Reactors,  Report  
of a Panel  Held in Vienna 14-18 June 1965 ,  International 
Atomic Energy Agency, Vienna, 1966; ORNL-TM-1142 
(June 1965). 

‘lA. R. Olsen, D. A. Douglas, Y. Hirose,  J. L. 
Scott, and J. W. Ullmann, Proc.  Brit. Ceram. SOC. 7, 
289-310 (1967); ORNL-TM-1297 (November 1965). 

A. R. Olsen, J. H. Coobs, and J. W. Ullmann, 
“Current Status of Irradiation Tes t ing  of Thorium 
Fue l s  a t  Oak Ridge National Laboratory,” paper 
presented a t  the Second International Thorium F u e l  
Cycle Symposium, Gatlinburg, Tennessee ,  May 3-6, 
1966; ORNL-TM-1631 (September 1966). 

23A. R. Olsen, J. W. Ullmann, Y .  Hirose, and E. J. 
Manthos, Metals and Ceramics Div. Ann. Propr. Rept.  
June 30, 1966, ORNL-3970, pp. 215-18. 

2 2  

burnup of approximately 100,000 Mwd per tonne 
of T h  + U (10% FIMA), a t  a peak l inear hea t  rating 
of approximately 600  w/cm. T h e s e  rods contained 
vibratorily compacted sol-gel (Th-5% U) 0 ,  powder. 
Each of these  56-cm-long rods h a s  a 5-cm-long 
bulge in the  cladding near  the  end tha t  was  down 
during irradiation. One rod w a s  operated with the 
fuel bed in contact with the lower end plug. T h e  
maximum diameter change a t  the  bulge on th is  
rod was  0.12 cm, representing a p l a s t i c  s t ra in  in 
the  cladding of 15%. The  fuel bed in  the  other 
rod was  separated from the lower end plug by a 
1-cm-long g a s  plenum containing Fibrafax. T h e  
maximum change in diameter for t h i s  rod was  
only 0.07 c m  or 9% plas t ic  cladding strain.  The  
postirradiation gamma s c a n s  showed no significant 
change in fuel-column height for either rod or 
penetration of fue l  into the  Fibrafax. The  maxi- 
mum s t ra in  occurred approximately 0.6 c m  from 
the end of the  fuel column. We have  no logical 
explanation for th i s  apparently anomalous 
swelling. 

amined are l i s t ed  in  Table  36.1 a s  the  Sphere-Pac 
group. T h e s e  rods were irradiated in  the  E T R  in  
two capsu le s  of t h e  design described in Pa r t  111, 
Chap. 23  of t h i s  report. T h e  fuel was  sol-gel- 
derived (Th-5% P u )  0 , microspheres packed t o  
a s m e a r  density (weight of fuel divided by volume 
determined from the  ins ide  diameter of the  tube) 
of 84% of theoretical .  T h e  linear hea t  ratings 
were 570 and 440 w/cm and the  cladding tempera- 
ture was  approximately 400OC. Although the  
examination is incomplete, metallographic ex- 
amination of t he  fuel beds  ind ica tes  only incip- 
ient sintering of t hese  microspheres in the center 
of t he  highest  rated rods. T h e s e  tests were  
terminated prematurely at a burnup of approximately 
7000 Mwd per tonne of Th  + P u  because  of t he  
failure of the outer secondary cladding on one  of 
the capsules .  

ETR during the  pas t  year. These  a re  Sphere-Pac- 
fabricated rods of mixed progeny fue ls  identified 
a s  t he  ETR-IV group. T h e  u s e  of plutonium from 
current power reactors a s  the fissile enrichment 
in thorium-base fue ls  may offer both economical 
and technological advantages.  Pending the 
development of fas t  breeder reactors,  plutonium 
may be  more economical than highly enriched 
2 3 s U  a s  a fissile additive to  T h o ,  fuels. Also, 
bred 2 3 3 U  can  b e  separa ted  from the plutonium 

T h e  remaining four rods currently being ex- 

Six new irradiation t e s t  rods were  inserted in the  

. 



Table 36.1. Thoria-Base Fuel Rods Currently Being Irradiated or Examineds 

Peak Burnup Linear Density Fuel Rod 

Type of Oxide (% of Dimensions (cm) Heat (Mwd per tonne of Ob] ec  ti ve Status Designation Number Of  

metal) Rods Rating 
(w/cm) Wall Theoretical) Length OD 

Being examined MTR-I1 2 Sol-Gel S 88 to 89 57 0.8 0.06 600 100,000 Obtain higher heat 
Th02-4.5% UO, rating by increasing 
Vi-Pac enrichment 

Sol-Gel 35 86 to 89 30 1.1 0.06 820 100,000 Compare oxide calcining In reactor MTR-111 6 

Th02-4.5% UO, atmospheres and higher 
heat ratings obtained by Vi-Pac 
increasing diameter 

ETR-I1 

ETR-111 

ETR-IV 

Sphere-Pac 

Pellet Rods 

6 BNL Sol-Gel 
Tho,-4% 2 3 3 ~ ~ 2  
Vi-Pac 

7 Sol-Gel Tho, 

6 Sol Gel 

90 48 1.3 0.09 630 

88 48 1.3 0.09 770 

84 

4 Sol-Gel ThO,-S% PuOz 84 
Sphere-Pac 

3 Th02-4.5% UO, 91 

30,000 to Study effects of remote 1 Being examined 
100,000 fabrication and oxide 5 In reactor 

recalcinmg 

10,000 to Study Tho, blanket material 3 Rods in process 
70,000 with gradually increasing 4 Rods in reactor 

heat rating and provide high- 
protactinium low-fis sion- 
product material for chemical 
processing 

24 1.3 0.09 650 to 20,000 to Study sol-gel Th02-Pu02 In reactor 
7000 100,000 microsphere performance as 

vibratorilp compacted beds 
a t  various heat ratings and 
burnup levels 

19 0.64 0.025 650 to 10,000 Test sol-gel Tho2-PuO, Being examined 
microspheres with high 
cladding temperatures 

1000 

11.4 0.79 0.06 400 150,000 Investigate swelling and Being examined 
gas release of Tho -base 
fuels a t  very high bumup 

aETR-II, ETR-111, and ETR-IV rods are clad with Zircaloy-2; all other fuel rods are clad with type 304 stainless steel. 

c 
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during reprocessing; t hus  the  
assoc ia ted  with 
T h i s  group of t e s t s  a t  th ree  l inear h e a t  ratings,  
650, 850, and 1000 w/cm, with peak burnup l eve l s  
from 2 to  10% FIMA, is designed to  eva lua te  t h e  
irradiation charac te r i s t ics  of sol-gel-derived 
(Th,Pu) 0 fue ls  fabricated by the  newly developed 
Sphere-Pac technique. 

N o  additional irradiation t e s t s  on metal-clad 
thoria-base bulk oxide  fue ls  a r e  planned un le s s  a 
power reactor concept  designed to  u t i l i ze  the  
exceptional performance charac te r i s t ics  of t h e s e  
fuels is developed. 

3 6 U  contamination 
5U enrichment is avoided. 

D R Y I N G  A N D  S I N T E R I N G  OF SOL-GEL 
U R A N I A  MICROSPHERES 

H. Beut le rZ4 R .  L. Hamner 

We a re  studying the  drying and s in te r ing  behavior 
of sol-gel urania microspheres to determine condi- 
t ions su i tab le  for production as well  as  to e s t ab -  
l i sh  the  operative mechanisms. 7 9  For  vibra- 
torily compacted fuel rods containing sol-gel 
microspheres as  t h e  fuel,  t h e  dens i t i e s  of t h e  
particles must b e  high (295% of theoretical)  to 
meet fuel loading requirements. 

of the  drying and s in te r ing  behavior of sol-gel 
urania microspheres. We determined the  
isothermal shrinkage k ine t ics  of sol-gel UO 
microspheres by hot-stage microscopy and 
measured changes  in x-ray c rys ta l l i t e  size and 
BET sur face  a rea  during sintering. In addition, 
w e  studied the  drying and s in te r ing  behavior of 
sol-gel urania by differential  thermal ana lyses .  
Based on our characterization study, we spec i f ied  
a drying and s in te r ing  schedule ,  which on a 
laboratory scale yielded microspheres of high 
density and of low residual carbon content.  

During t h e  p a s t  year,  w e  emphasized the study 

Isothermal Shrinkage of Sol-Gel 
Urani a Mi cro sp heres 

Individual urania ge l  microspheres were he ld  a t  
carefully controlled temperatures in  a hot-stage 

“Noncitizen employee from Switzerland. 

25P. A. Haas, F. G. Kitts ,  and H. Beutler, “Prepara- 
tion of Reactor Fue l s  by Sol-Gel Processes ,”  presented 
a t  the AIChE meeting a t  Sa l t  Lake  City, Utah, May 
1967; to be published in a Chemical Engineering Progress  
Symposium Series volume on Nuclear Engineering. 

microscope, and the  p rocess  of shrinkage w a s  
followed by sequence photography. We carried 
out isothermal shrinkage determinations in dry 
hydrogen in  the  temperature range 680 to 1000°C. 
To differentiate between dimensional changes due 
to drying and sintering, w e  employed a soaking  
treatment for 12 hr at 400°C prior to each  determi- 
nation. During th i s  soaking  treatment, which 
removed the  vola t i les ,  we observed cons is ten t ly  a 
l inear shrinkage of 8 to  10%. As i n  t h e  case of 
thoria particles,  t he  shrinkage followed a law of 
the  form L / L ,  a t“ a t  cons tan t  temperature. 
T h e  isotherms differ, however, from those  expected 
from s imple  s in te r ing  theory in  tha t  log-log p lo ts  
of t h e  fractional shrinkage v s  t i m e  are not l inear 
but dec rease  in s lope  with increasing shrinkage. 
T h e  s lope  of t h e  shrinkage isotherms dec reases  
from 0.20 to 0.1 as  AL/Lo  values  increase  from 
0.04 to around 0.1. T h e  maximum linear shrinkage 
that we observed was  24% after 1 hr a t  99OoC, 
compared to  the 26% predicted for theoretical  
density.  

Changes o f  Crystal l i te Size, Surface Area, 
and Bulk Density 

W e  carried out two se r i e s  of isothermal hea t  
treatments on sol-gel UO, microspheres to  in- 
ves t iga te  the  effects of time and temperature on 
crys ta l l i t e  s i z e ,  BET sur face  a rea ,  and bulk 
density.  We se lec t ed  temperatures of 300, 500, 
700, and 9OOOC and hea t  treatment t imes of 1 to  
24 hr. In the  first  s e r i e s  of experiments, we used  
a s in te r ing  atmosphere of dry Ar-4% H,; i n  t h e  
second se r i e s ,  we sa tura ted  the  argon-hydrogen 
mixture with water a t  room temperature. Fo r  each  
heat-treated sample ,  we determined t h e  x-ray 
c rys ta l l i t e  s i z e  (from t h e  broadening of 111, 220, 
and 311 reflections), t he  BET sur face  a rea ,  and 
the  bulk dens i ty  by mercury porosimetry. In a 
dry Ar-4% H ,  atmosphere, we did not observe  
c rys ta l l i t e  growth or change in  sur face  a rea  a t  
hea t  treatments for 24 hr a t  500°C and below. 
The  crys ta l l i t e  size increased  above 500°C, and 
the  B E T  sur face  area decreased  with both t i m e  
and temperature. 

When the  specimens were heated for 24 hr at 
900°C, the  average  c rys ta l l i t e  increased  in  size 
from 69 A (crystall i te size of original gel) t o  247 
A, and t h e  sur face  a rea  decreased  from 69.7 m2/g  
(BET sur face  area of original gel) to 1.03 m2/g, 



224 

ORNL-DWG 67-3509 

100 

5 

[L 

P 2  
0 

2 ,o-l 
W 
0 
a 
E 5  

$ 2  

E 10-2  
2 
2 5  

V 
W 

4 

a 

n 

lT 

10-2 10-1 100 
FRACTIONAL SHRINKAGE A L / L ~  

Fig.  36.6. Relationship Between Changes in  BET Sur- 

face Area, Crystal l i te  Size,  and Fract ional  Linear 

Shrinkage of Sol-Gel U 0 2  and Tho2. 

which is approximately 500 times larger than the 
geometrical sur face  a rea  of the  microspheres used. 
The bulk density increased  even  after hea t  treat- 
ments a t  300"C, although no changes in c rys ta l l i t e  
size and B E T  sur face  a rea  occurred. As  previ- 
ously d i scussed ,  t he  dens i ty  increase  a t  low tem- 
perature is as soc ia t ed  with t h e  removal of vola- 
t i l e s  and subsequent  reordering of c rys ta l l i t es  t o  
a c loser  packing. T h e  change in bulk density with 
both time and temperature agrees  well  with our 
previously d i scussed  shrinkage da ta  obtained by 
hot s t age  microscopy on s ing le  microspheres. 

T h e  relationship between fractional shrinkage, 
c rys ta l l i t e  growth, and sur face  a rea  dec rease  is 
shown in Fig.  36.6. Data p r e ~ i o u s l y ~ " ~ ~ ~  ob- 
tained for the  densification of thoria a re  shown 
for comparison. T h e  relationships between 
shrinkage, c rys ta l l i t e  growth, and sur face  a rea  

dec rease  for thoria and urania a re  remarkably 
similar and  appear independent of temperature. 

T h e  presence  of water vapor lowered t h e  tem- 
perature at which c rys ta l l i t e  growth and sur face  
a rea  reduction s ta r ted  and enhanced the  process  
of densification over the  whole range of conditions 
that w e  investigated.  After heating the  samples  
for 24 hr a t  900°C i n  wet Ar-4% H,, w e  found 
that t h e  density increased  to 10.14 g/cm3, the  
c rys ta l l i t e  size increased  to 620  A, and the  sur- 
f ace  area decreased  to  0.008 m2/g, a value only 
four t imes  higher than the  geometrical sur face  a rea  
of t he  sphe res  used. 

T h e  increase  in  densification ra te  because  of 
the  addition of water vapor (which w e  observed 
either directly in  changes  of bulk dens i ty  or 
indirectly in changes of c rys ta l l i t e  growth and  
sur face  a rea  reduction with time) corresponds t o  
a temperature increase  of 100  to 150°C in  treat-  
ments i n  a dry atmosphere. 

Different ial  Thermal Analyses 
of  Sol-Gel Urania 

We employ differential  thermal ana lyses  (DTA) 
as  a n  additional means of investigating the  drying 
and s in te r ing  behavior of sol-gel urania. A typical 
DTA pattern, which we obtained during the  hea t ing  
of crushed UO microspheres in  Ar-4% H at a 
uniform ra te  of 10°C/min is shown in  F ig .  36.7; 
in th i s  pattern, two pronounced energy-absorption 
peaks  at 170  and 470°C a r e  interrupted by a 
s t rong  energy-release peak a t  220OC; a r e l ease  
of sur face  energy, de tec ted  a t  73OoC, peaks  a t  
870°C. W e  attr ibute the endothermic peaks  t o  
the  vaporization of residual volati les.  T h e  sharp  
exotherm s ta r t ing  a t  220°C is typical of both 
thoria and urania microspheres. Since t h i s  exo- 
therm is observed only in case of ge l s  t ha t  contain 
residual organic so lven t s  and sur fac tan ts ,  we 
attr ibute t h i s  energy r e l ease  t o  the  oxidation of 
organic compounds by nitrate.  T h i s  reaction h a s  
caused  seve re  cracking of microspheres hea t  
treated in bulk charges .  We have  demonstrated 
by DTA that t h e  organic-nitrate reaction c a n  b e  

J. Bannister, S t a tus  and  P rogres s  Report  for 
Thorium F u e l  C y c l e  Development Dec. 31, 1965, ORNL- 
4001, pp. 113-16. 

27 M. J. Bannister, H. Beutler, and J. W. Prados,  
"Sintering and Grain Growth of Sol-Gel Thoria and  
Urania," Metals and Ceramics Div. Ann. Progr. Rept.  
June 30, 1966, ORNL-3970, pp. 220-22. 

1 



225 

ORNL-DWG 67-109(9 

. 

I 

I 

I *  

I 

4 

- 3  - 2 
2 2  
c 

c 
3 
0 
W 

a 
3 
0 

A I  

g 0  
E 
W 
I 
t 
1 - 1  
5 

LL- 2 

LL 
n 

c z 
W 

w 
L L  

- 3  

- 4  
0 100 200 300 400 500 600 700 800 900 1000 1100 

T E M P E R A T U R E  ("Cl 

Fig.  36.7. Dif ferent ial  Thermal Analysis (DTA) Pattern of Sol-Gel U 0 2  Microspheres. 

successfu l ly  suppressed  by exposing the  micro- 
sphe res  to superheated s team a t  150°C for 8 hr 
prior t o  pas s ing  t h e  c r i t i ca l  temperature region 
(200 to  250°C). 

and carbon dioxide atmospheres on the sur face  
energy r e l ease  pattern. T h e  addition of water 
vapor sh i f ted  the  sur face  energy r e l ease  peak 
approximately 100°C downward in temperature, 
but t he  intensity and general  pattern of the  peak 
remained remarkably similar to the  one  obtained 
in dry Ar-4% H,. T h e  carbon dioxide atmosphere 
caused  a dras t ic  lowering of t h e  temperature a t  
which sur face  energy r e l e a s e  s ta r ted  (see Fig .  
36.8). T h e  re lease  occurred within a very narrow 
temperature range and w a s  completed at 650°C. 

W e  confirmed that CO , greatly enhances s in te r ing  
and crys ta l l i t e  growth by isothermally hea t  t rea t ing  
microspheres at 600°C for 24 hr. A s  measured by 
both mercury porosimetry and helium pycnometry, 
t he  bulk density of t h e  microspheres after t h i s  
treatment was  10 g/cm3, indicating complete 
c losure  of sur face  pores. X-ray diffraction 
revealed preferential c rys ta l l i t e  alignment in the  
[220] direction. We have  not been ab le  to  deter- 
mine whether t hese  effects a re  a s soc ia t ed  with 
oxidation of urania during s in te r ing  in CO,. 

We investigated the  effects of steam-Ar-4% H,  
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precalcined 4 hr at 400°C in  Ar-4% H2. 
Samples hod been 
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W e  conclude tha t  t h e  study of the  sur face  energy 
release by DTA i s  a convenient means t o  char- 
ac te r ize  t h e  sinterabil i ty of sol-gel materials. 

Drying and Sintering Schedule for Sol-Gel 
Urani a Mi crospheres 

Based on our preliminary characterization of 
sol-gel urania microspheres by differential thermal 
ana lyses ,  hot s t a g e  microscopy, c rys ta l l i t e  s i z e  
determinations, and B E T  sur face  area measure- 
ments, we sought t o  es tab l i sh  a drying and sinter-  
ing schedule  to obtain high-density low-carbon- 
content urania microspheres. Our approach was  
to remove as  large a quantity of res idua ls  (nitrate,  
organics,  carbon) as poss ib le  prior to the  beginning 
of sintering. T h e  atmosphere and hea t ing  schedule  
to 1000°C were the  major var iab les  considered. 

In the pas t ,  CO, h a s  been used extensively as 
the atmosphere for s in te r ing  urania microspheres, 
mainly because i t  is ef fec t ive  in removing carbon. 
Microspheres sintered in a CO atmosphere, how- 
ever,  often have low dens i t i e s  (<95% of theoretical) .  
Our hypothesis regarding t h e s e  low dens i t ies  is 
that t he  res idua ls  i n  urania microspheres a r e  not 
removed to  an  appreciable degree  i n  a CO, atmos- 
phere before the  beginning of s in te r ing  a t  a tem- 
perature ju s t  above 4OOo C;  consequently,  they 
become trapped during the  early s t a g e s  of sinter-  
ing and c a u s e  low dens i t ies .  

phere, we found that (1) the  urania microspheres 
In our experiments with a steam-Ar-4% H, atmos- 

would s t a r t  t o  s in te r  j u s t  above 450°C, (2) t h e  
nitrate and carbon contents  could b e  reduced to  
low l eve l s  (40 t o  400 ppm respectively) by soaking  
a t  450°C, and (3) t he  organic-nitrate reaction oc- 
curring a t  about 22OOC could b e  suppressed  by 
soaking  a t  150°C. Therefore,  we based  our s in te r -  
ing schedule  on a steam-Ar-4% H,  atmosphere 
with s o a k  periods a t  150 and 45OOC. 

By us ing  s o a k  periods of 2 hr a t  15OOC and 16 
hr a t  45OoC, w e  produced urania microspheres in 
5 to 10-g ba tches  with bulk dens i t i e s  of 97 to 99% 
of theoretical ,  carbon contents  of 30 t o  40  ppm, 
and oxygen-to-uranium ratios of less than 2.001 to  
2.003 after s in te r ing  for 1 hr at 1000°C. Our heat-  
ing  r a t e  after the  soak  periods w a s  30O0C/hr. 

carbon leve l  i n  t h e  microspheres after soak  periods 
ranging from 2 to 24  hr a t  150  and 45OOC. We 
found tha t  carbon removal was  much more tempera- 
ture dependent than time dependent,  tha t  400 ppm 
C remained in  the  microspheres tha t  had a bulk 
density of 98% of theoretical ,  and tha t  a carbon 
content of 40  ppm could b e  produced without a 
soak  period a t  45OOC provided a soak  period of 
2 hr a t  150°C w a s  included i n  the s in te r ing  
schedule .  Within t h e  l imits of our investigation, 
we consider t h i s  to b e  the  optimum schedu le  for 
sintering smal l  ba t ches  of urania microspheres 
to  spec i f ica t ions .  

We a re  now determining what adjustments must 
b e  made in our s in te r ing  schedule  t o  achieve  the  
same  resu l t s  in s in te r ing  la rge  ba t ches  of micro- 
spheres .  

To optimize the  schedule ,  w e  determined the  
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37. Isotopic Power Source Development 
R. J .  Beaver R. G. Donnelly 

T h e  materials program in  support  of i so topic  Previously,  we descr ibed  equipment u s e d  for 
making jo in ts  of th i s  type by electron-beam weld- 
ing. However, under certain conditions it may 
not b e  des i rab le  or  feas ib le  to u s e  t h e  electron- 

power source  development programs w a s  continued. 
T h e  stringent engineering and  sa fe ty  requirements 
involved demand very-high-quality materials for 
containing t h e  i so topic  fue ls  and  procedures for 
s ea l ing  t h e s e  containers.  T h e  mater ia l s  of in- 
teresf for t h e s e  applications a re  t h e  superalloys 
and refractory-metal alloys.  

Our efforts were centered mainly on welding de- 
velopment, nondestructive tes t ing ,  and  a design 
study on a Brayton cyc le  power sys tem.  Welding 
development was  conducted on refractory-metal 
capsu le s  of t h e  molybdenum alloy TZM as well  as  
on Has te l loy  C capsu le s  for SNAP-21. The non- 
des t ruc t ive  tes t ing  effort w a s  devoted  to  the  evalu- 
ation of capsu le  components and more recently to 
the  inspection of welded fuel-containing c a p s u l e s  
for t he  SNAP-21 program. 

In addition, a paper w a s  presented describing 
work on the  compatibility of curium fue ls  with 
candida te  container materials.  

WELDING OF REFRACTORY-ALLOY CAPSULES 

R. G. Donnelly 

beam welding process.  Therefore, we evaluated 
t h e  conventional g a s  tungsten-arc welding process  
as a method for making jo in ts  of t h i s  type. 

With the  electron-beam method, adequate atmos- 
phere purity during t h e  welding operation is a s -  
sured by the  high vacuum (approximately 5 x IO-’ 
torr) inherent with the  process .  However, t o  pre- 
vent contamination of refractory meta ls  by inter- 
s t i t i a l  elements s u c h  as C, 0, H, and N during a rc  
welding, t he  operations must be carried out in a 
chamber purged of a i r  and containing only high- 
purity argon or  helium. Using a spec ia l ly  designed 
and constructed chamber, t h e  welding of end c a p s  
to molybdenum alloy TZM containers with a 0.150- 
in.-thick wall  w a s  investigated.  T h e  hea t  buildup 
in s ide  t h e  c a p s u l e  while making full-penetration 
welds of t h i s  type  w a s  so  in t ense  that a vent w a s  
needed for t he  expanding gas .  After t he  primary 
weld had been made, t h e  small-diameter vent 
could b e  welded shu t  with much less total energy 
input. 

Techniques us ing  t h i s  procedure were developed 
to make full-penetration primary welds  success -  
fully and repeatedly. A typical weld of th i s  type 
is shown in F ig .  37.1. A s  can  b e  s e e n  from the  
figure, t he  weld is sound and h a s  a penetration of 
a t  l e a s t  t hewa l l  th ickness  of the  capsule .  T h i s  
particular joint  des ign  employed a r e c e s s  in the  
c a p  i n  the  a rea  of t h e  weld t o  a s s i s t  in assur ing  
full penetration. T h e  conditions used  in  making 
th i s  weld were: welding current, 360 amp; travel 
speed ,  10  in./min; revolutions, 1. T h e  vent ho le  

T h e  sea l ing  of containers for alpha-emitting 
i so topic  hea t  sou rces  requires tha t  sound welds  
having full penetration be  made in  heavy-walled 
refractory-metal capsu le s .  T h i s  requirement s t e m s  
from the  fac t  that  t he  helium generated by the  de- 
cay  of t h e  i so tope  i s  of sufficient magnitude that 
t h e s e  c a p s u l e s  must s e rve  a s  pressure  v e s s e l s .  

J .  R. DiStefano and W. D. Box, “Compatibility 1 

Studies for High-Temperature Radioisotopic Power 
Source Applications,” paper presented a t  the  1966 IEEE 
Thermionic Conversion Spec ia l i s t  Conference, Nov. 3 
and 4,  1966, Houston (classified).  

2R. G. Donnelly, Metals and Ceramics Div. Ann. 
Pro&. Rept.  June 30, 1966, ORN1,-3970, pp. 225-27. 
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Fig.  37.1. Typ ica l  Primary Closure Weld of  o TZM Container. 3 . 5 ~ .  Note that the weld i s  sound and that 

f u l l  penetration was achieved. 

was  subsequently s e a l e d  by inserting a tapered 
pin to help fill t he  ho le  and then welding for 7 sec 
a t  230 amp, us ing  t h e  same  equipment that w a s  
used  for t h e  primary weld. 

WELDING DEVELOPMENT FOR SNAP-21 

R. G. Donnelly 

The  SNAP-21 hea t  source  i s  being developed b y  
ORNL in cooperation with the  31\11 Company. T h i s  
''SrTiO, source  will generate 200 w (thermal) and 
i s  intended for u s e  under t h e  sea. T h e  capsu le  i s  
$4-in.-thick Has te l loy  C and must be  s e a l e d  by 
welding to ensure  mechanical strength and leak- 
t ightness.  A requirement of the  jo in t  design is 
that the  weld b e  inspec tab le  by ultrasonic tech- 
niques. Ideally,  t h i s  means tha t  the top  outs ide  
edge  of t he  capsu le  should remain undisturbed by 
welding; a t  l ea s t ,  t he  weld penetration must b e  
greater than the  depth of edge  melting. If t h e s e  
conditions a re  not met, t he  joint  to b e  inspec ted  
i s  masked by the  sur face  of t h e  weld. 

niques. Init ial  g a s  tungsten-arc welding experi- 
ments failed to a t ta in  the  required 0.100 in. of 
defect-free weld-metal penetration without edge  
melting (F ig .  37.2a). T h i s  weld was  obtained with 
the  end c a p  beveled a t  a 30° angle  for 0.100 in. 

Figure 37.2 compares jo in t s  made by three tech- 

Adequate weld penetration w a s  obtained by melt- 
ing  over t he  edge  of the  capsu le  as shown in 
F ig .  37.26, but t h i s  violated t h e  requirement for 
ultrasonic weld inspection. 

T h e  desired combination of weld penetration and 
inspectabil i ty w a s  ultimately provided by electron- 
beam welding. F igure  3 7 . 2 ~  shows  an  electron- 
beam weld made at  30 kv  with 130  ma of beam 
current and a travel speed  of 35 in./min. Equip- 
ment capable  of making welds  of t h i s  type  is 
presently being assembled in cooperation with 
Isotopes Division personnel for ins ta l la t ion  in t h e  
hot ce l l s .  

NONDESTRUCTIVE TESTING SUPPORT 

K .  V. Cook 

Because  of the  tox ic  and radioactive nature of 
the  core  materials contained in i so topic  hea t  
sources ,  t he  integrity of t he  container must b e  
a s su red  through a reliable nondestructive t e s t ing  
program. Most of the  isotope-enclosure materials 
a r e  refractory a l loys  or  supera l loys ,  and  there  i s  
very l i t t l e  nondestructive t e s t ing  exper ience  with 
t h e s e  materials.  Our purpose i s  to s a t i s f y  two 
b a s i c  requirements: (1) to a s s u r e  t h e  material  
integrity and (2) to build a background of f a m i l -  
iari ty with the  t e s t ing  charac te r i s t ics  of t h e s e  
materials.  

& 

. 
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I 

Fig .  37.2 Experimental Haste l loy  C Welds for 

SNAP-21 Heat  Source Program. lox. (a) Tungsten- 

arc we ld  made with beveled joint. Insuff ic ient  

weld penetration was obtained. ( b )  Tungsten-arc 

weld with adequate penetration but unacceptable 

because the capsule edge contour prevents weld 

inspection. ( c )  Electron-beam weld having both 

adequate penetration and acceptable edge contour. 

Reduced 42%. 

Basica l ly ,  w e  a r e  adapting or developing non- 
destructive tes t ing  techniques for two sepa ra t e  
t a sks .  T h e  f i r s t  i s  t es t ing  t h e  capsu le  material 
before loading. T h e  second is remote inspection 
of the  c losure  weld following the  capsu le  loading. 

Fo r  the  raw material evaluations,  w e  have  gen- 
erally used  fluorescent penetrant and ultrasonic 
inspection methods,  although a t  t imes  other tech- 
n iques  have been required. While t h e  penetrant 
t e s t  is relatively e a s y  to adapt  t o  t h e  i so tope  pro- 
gram, one  must b e  careful because  meaningless  
resu l t s  a r e  poss ib le .  Fo r  ins tance ,  with tantalum- 
b a s e  a l loys ,  we found tha t  smearing of the  sur face  
during capsu le  machining could close cracks  or  
discontinuities normally open to the  sur face  and 
thus  render them undetectable by the  penetrant 
examination. A very l igh t  e t ch  removes th i s  
smearing and a l lows  a meaningful t e s t  t o  b e  per- 
formed. 

T h e  ultrasonic pulse-echo technique normally 
used  for plate,  shee t ,  bar,  and tubing inspections 
is presently be ing  applied to the  inspection of 
capsu le  materials.  Our major problems in apply- 
ing  the  ultrasonic technique have  involved the  
fixtures necessary  for adequate  mechanical s can -  
ning of t h e  various capsu le  configurations and the  
establishment of reliable and reproducible refer- 
ence  discontinuities.  

h a s  dea l t  entirely with the  SNAP-21 Program. The  
Pacific Northwest Laboratory was  a s s igned  the  
responsibility by the  3M Company for developing 
an  inspection technique and remote inspec t ion  
equipment to  eva lua te  t h e  c losure  weld on t h e  
SNAP-21 capsule .  Our responsibil i ty i s  to follow 
th is  development to a s su re  a smooth transfer of 
technology, to ensure  a well-designed remote in -  
spection facil i ty by supplying necessa ry  design 
criteria,  and, following the  delivery and ins ta l la -  
tion of the  sys tem a t  ORNL, to  operate the  remote 
system for hot-cell  t es t ing  of both fueled and un- 
fueled capsu le  weldments. 

Our work involving t h e  second-s tage  evaluation 

BRAYTON CYCLE STUDIES 

R. J .  Beaver 

A s  part of an  integrated effort at ORNL, we 
reviewed materials tha t  appeared attractive as  
encapsula t ing  materials for isotopic hea t  sou rces  
with energy potential  for powering a 25-kw Brayton 



232 

engine for s p a c e  a p p l i c a t i ~ n . ~ , ~  T h e  resu l t s  of 
t h e s e  s tud ie s  indicated tha t  e i ther  of t h e  tantalum- 
b a s e  a l loys  T-111 or  T-222 was  acceptab le  for 

ever,  because  of their  poor oxidation r e s i s t ance  a t  
e leva ted  temperatures, t h e s e  a l loys  would have  to 
be  protected with a thin cladding of platinum. 
Thoria w a s  sugges ted  as a barrier to prevent dif- 

fusion between the and the and Heat  Source Design Study P h a s e  II (Preliminary Des ign)  
iron t i t ana te  was  recommended a s  a coa t ing  for Report, ORNL-TM-1829 (NASA CR-72151) (August 1967). 

t he  platinum to achieve  a n  acceptab le  value of 
emissivity.  

R. A. Robinson, R. J .  Beaver, D. W .  Burton, T. C. 
t he  s t ress -bear ing  encapsula t ing  member. How- 3 

Chapman, c. w. Craven, Jr., S. T. Ewing, A. J. Miller, 
J. '. and R. L* Stephensonr Bra~ton-Cycle 
Radioisotope Hea t  Source Design Study P h a s e  I (Con- 
ceptual Design) Report, ORNL-TM-1691 Del. (NASA 
CR-72090) (August 1967). 

4R. A. Robinson et al. ,  Brayton-Cycle Radioisotope 

. 



38. Metallography 
R .  J. Gray 

. 

1 

1 . .  

Our major responsibil i ty is to  provide metallo- 
graphic se rv i ce  a s s i s t a n c e  to  the  Metals and 
Ceramics Division and other divisions a t  th i s  Lab- 
oratory. T h i s  a s s i s t a n c e  is in  the  form of spec i -  
men preparation, examination, interpretation, and 
recording and transmitting of data.  We a re  also 
responsible for s p e c i a l  s e rv i ces  such  as micro- 
probe ana lyses ,  high-temperature microscopy, 
high-temperature hardness  tes t ing ,  metallography 
in color, and postirradiation metallographic exam- 
inations.  Our efforts a r e  denoted throughout t h i s  
report and in most of the reports originating in  the  
Metals and Ceramics Division as wel l  as  other 
divisions requiring microstructural s tud ie s  of 
metals and ceramics .  In providing th i s  se rv ice ,  
we try to  improve our techniques and our s k i l l s  
in t h i s  field and keep  ab reas t  of new a i d s  through 
newly developed equipment, as  reported below. 

niques t o  metallurgical investigations.  Usual 
quantitative metallographic procedures s u c h  a s  
point counting, l inear ana lys i s ,  and particle s i z ing  
a re  time consuming, quite tedious,  and fatiguing 
t o  the  eye .  T h e  QTM overcomes the tedium as- 
soc ia ted  with these  procedures. 

T h e  QTM c a n  be  operated with e i ther  a micro- 
s cope  or a n  epidiascope. With the  microscope a t -  
tached t o  the  QTM, the microstructure of metallo- 
graphic specimens can  b e  analyzed, and with the  
ep id iascope  attachment larger i tems, s u c h  a s  
photographic prints and negat ives ,  e lec t ron  mi- 
crographs, t ransparenc ies ,  and microradiographs, 
c a n  b e  analyzed. T h e  image obtained with e i ther  
the microscope or the ep id iascope  is projected 
onto the  te lev is ion  camera tube located in  the 
QTM control unit. By electronically analyzing 
the  output from the  television camera,  t h e  QTM 
quickly y ie lds  the  following da ta :  (1) t he  a rea  
fraction of cons t i tuents ,  (2) the  number of inter- 
cep t s  of the  television line s c a n  with feature QUANTtTATtVE TELEVtStoN MtCRoSCoPY 

T .  M. Kegley, Jr. 

T h e  metallography laboratory now h a s  a newly 

microscope (QTM), 1 - 5  which greatly extends the 
application of quantitative metallographic tech- 

boundaries,  (3) the  number of features in the field,  
and (4) the  size distributions.  The  measurement 
of the number of intercepts of the television l ine  

e f f ec t  a projection measurement, c a n  b e  related 
directly to the average  l inear intercept d i s tance  
or t he  grain s i z e .  

by analyzing with the a id  of the epidiascope a t -  
tachment known s tandards  such  as  area fraction 
and grain size char t s .  An indication of i t s  per- 
formance is s e e n  in  a QTM area  fraction meas- 
urement (0.327), which was well  within 1% of the 
area fraction (0.325) of the  prepared standard.  In 
the se r i e s  of QTM grain-size measurements pre- 
sent& in Tab le  38.1,  the  grea tes t  deviation from 
the  nominal grain size was  0.28, while the  average  
deviation from the  nominal was  f0.13. 

developed instrument, the  quantitative television Scan with the  feature boundaries, which is in 

W e  plan to  eva lua te  the  performance of the QTM 
‘Quantimet Image Analyzing Computer, manufactured 

’111. Cole, The Microscope and Crys ta l  Front 15(4), 
by Metals Research, Ltd. ,  Cambridge, England. 

148-60 (1966). 

3C. Fisher,  “The Metals Research Image Analysing 
Computer,” paper presented a t  Particle Size Analysis 
Conference, Loughborough, England, Sept. 14-16, 1966, 

London, pp. 77-94. 

(Aug. 19, 1966). 

(April 1966). 

to  be  published by Society for Analytical  Chemistry, 

4D. Radtke and D. Schreiber, S tee l  Times, PP. 246-59 

’John Schuck, Research/Development 17(4), 28-36 
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Table  38.1. Grain Size of ASTM Grain S ize  Chartsa 

a s  Determined by QTM 
- 

Number of Intercepts Calculated 

p e r  Unit Length, N L b  Grain Size,c G 
Nominal ASTM 

Grain Size 
(cm-') 

493.1d 
346.gd 
250.0d 
183.1d 
136.gd 
84.7e 
61.0e 
50.0e 
32.4e 

7.88 
6.87 
5.92 
5.02 
4.19 
2.80 
1.85 
1.28 
0.03 

a~~~~~ 112, Pla te  I. 
b N L  calculated from N ,  = P / L  where P is the average 

QTM projection reading and L is the length of the QTM 
blank frame. 

log N , ,  Metal Progr. 85(5), 99 (1964). 
'Calculated from Hilliard's formula, G = -1 0.00 + 6.64 
d2.5-in. focal length objective employed. 
el-in.  focal length objective employed. 

POTENTIOSTATIC METALLOGRAPHIC 
ETCHING EXPERIMENTS6 

J .  B.  Buhr' T. M.  Kegley, Jr. 
R. J. Gray 

anodic polarization curves  were determined. Cur- 
rent maxima exhibited by these  curves  were then  
a s soc ia t ed  with the  preferential  e tch ing  of a par- 
t icular phase ,  a s  in the  example shown in  F ig .  
38.2. Our purpose w a s  to  obtain exper ience  in  
the application of a potentiostat  to the  e tch ing  of 
metallographic specimens and  to  acquaint our- 
s e l v e s  with the poss ib le  use  of potentiostatic 
e tch ing  for phase  identification. 

T h e  experiments performed concerned (1) the  
e tch ing  of two-phase a l loys  of tin and z inc  in  
which little or no so l id  solubili ty is exhibited,  
(2) t he  e tch ing  of aus ten i t ic  s t a i n l e s s  s t e e l s  con- 

ORNL-DWG 67-3228R 
110 V-AC DUFFERS ASSOCIATES 

AUXILIARY 
-SATURATED 

CALOMEL 
~- REFERENCE 
~- ELECTRODE 

~ -~ ~- 

Fig.  38.1. Potentiostatic E tch ing  Apparatus. 

T h e  potentiostat ,  which is an instrument for 

a t ive  to a standard e lec t rode ,  provides a means 
for maintaining a particular optimum potential  a t  

maintaining any des i red  e lec t r ica l  potential  rel- ORNL-DWG 67-3229 

60 

which a spec i f ic  phase  in  the microstructure c a n  50  
b e  se lec t ive ly  e tched  electrolytically and dif- 

titular potential  for optimum se lec t iv i ty  must be 

desired.  By means of the  potentiostatic e tch ing  5 20 

.-. m 
?? 

2 40 

E - 30 
5 

ferentiated from the  remaining phases .  T h e  par- 
D 

L?z - .- 
found experimentally, and the  potentiostat  a i d s  
in th i s  by allowing the  potential  to be  varied as 

t- 

Lz 

0 

347 SS WITH 

apparatus,  shown schemat ica l ly  in F ig .  38.1,  
10 

'Abstract of paper to  b e  published in the technical 0 
papers of the Twenty-First AEC Metallography Group - 0.5 0 0.5 1.0 1.5 
Meeting, held May 10-12, 1967 a t  Brookhaven National 
Laboratory, Upton, N.Y. 

'The experiments were performed by James B. Buhr 
during the summer of 1966 in a summer trainee program 
conducted a t  ORNL by the  Oak Ridge Assoc ia ted  Uni- 
versit ies.  electrolyte. 

POTENTIAL VS S.C.E. (volts) 

Fig .  38.2. Anodic Polar izat ion Curves for Cast  

19-9 and Type 347 Stainless Steels. 1 N H 2 S O q  
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taining ferrite and free of ferrite, and (3) the  
e tch ing  of heat-treated type 31 0 s t a i n l e s s  steel 
containing sigma phase.  In the  tin-zinc a l loys  
the  z inc  phase  was  se lec t ive ly  etched in 1 N 
NaOH a t  -1.2 v (vs S .C.E. )  and the t in phase was  
se lec t ive ly  e tched  a t  -0.9 v (vs S.C.E.). The  
ferrite phase  of c a s t  19-9 s t a i n l e s s  s t e e l  e tched  
preferentially in 1 N H,SO, a t  1.35 v (vs S.C.E.) 
(Fig.  38.3). After the  c a s t  19-9 specimen was  
etched in 1 N HC1, the  ferrite e tched  preferentially 
a t  -0.42 v (vs S.C.E.) and the aus ten i te  e tched  
preferentially a t  -0.16 v (vs S.C.E.). We were 
unable to preferentially e t ch  the  sigma phase  of 
the  type 310 s t a in l e s s  s t e e l  i n  either 1 N HNO, 
or 1 N HC1 a t  any  potential. We did observe that 
recrystall ized aus ten i te  (formed in 25% cold worked 
type 310 s t a i n l e s s  steel a t  65OoC) surrounding the  
sigma-phase particles could b e  preferentially 
etched a t  0.00 v (vs S.C.E.) in 1 N HC1 electrolyte 
that had been in u s e  and contained d isso lved  me- 
t a l l i c  ions.  

HIGH-TEMPE RATUR E MICROSCOPY 

R .  S. Crouse 

Direct observation of microstructural changes  
related to temperature variations is invaluable.  
Examination of s u c h  phenomena as thermal etching, 
grain growth, twinning, diffusionless transformation 
(martensite reaction), solution and reprecipitation 
of phases ,  grain anisotropy by tinting by se l ec t ive  
oxidation, graphitization of iron and s t e e l s ,  phase  
changes due to reaction with the matrix, and dif- 
fusion zones  is poss ib le  with many metal  and a l loy  
sys tems us ing  a hea t ing  s t age  metallograph. Much 
work h a s  been done in Russ i a  and Germany in th i s  
field. ‘ 8 ’  

T h e  metallography specimen is positioned in a 
small water-cooled vacuum furnace with a quartz 
viewing window. With the appropriate long-work- 
ing-distance objective l enses ,  t he  specimen sur- 
face can  be  examined on a metallograph a t  tem- 
peratures up t o  18OOOC. T h i s  furnace operated a t  
a vacuum of 5 x torr or with a n  inert atmos- 
phere. 

Figure 38.4 is a n  overall  view of the metallo- 
graph with the  complete hea t ing  s t a g e  assembly .  
It is poss ib le  to make photomicrographs with ei- 
ther a 35-mm camera or standard 4- x 5-in. con- 
ventional f i l m  or Polaroid,  or a 16-mm movie 
camera c a n  be a t tached  for conventional or time- 
l apse  movies. Figure 38.5 shows the  inside of 
the furnace with a specimen in  p lace .  T h e  heat-  
ing is done by a molybdenum s t r ip  heater.  T h e  
heating s t a g e  was  used in a n  examination of 
UAl 3-aluminum simulated fuel compacts to de- 
termine the  c a u s e  of swelling. T h e  resu l t s  a r e  
summarized in Pa r t  111, Chap. 20 of th is  report. 

METALLOGRAPHIC PREPARATION 
OF CERIUM CARBIDES6 

T .  M.  Kegley, Jr .  

Special  procedures were required to prepare 
cerium carb ides  metallographically because  of 
their s t rong  reactivity with moisture. A chemical,  

Fig.  38.3. Cast  19-9 Stainless Steel Etched Po- 
tent iostat ical ly  for 2 min at 1.35 v ( V S .  S.C.E.) in  

I N HqS04. 
ferentially. 

The ferrite phase w a s  attacked pre- 

‘M. G. Lozinskii ,  High  Temperature Metallography, 
Pergamon Pres s ,  New York, 1961 (translated by Lit-  
terdan from Russian).  

ture Microscopy in Light and Heavy Metal Research ,”  
Aluminum 7(10), 652-62 (1961). 

’R. Mitschi, R. Gabler, and W. Wurz, “High-Tempera- 
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an electrolytic,  and a protective oil  method were 
developed for preparing these  carbides for exam- 
ination. In both the  chemical  and electrolytic 
methods a s t a in l e s s  s t e e l  sc rew se rves  as a con- 
tact  with the CeC ,. 

By immersion in equa l  parts ace t i c ,  l ac t ic ,  and 
nitric ac ids ,  cerium dicarbide is either chemically 
polished or pass iva ted ,  depending upon whether 
the  mount is partially or totally immersed. If the  
C e C ,  specimen is partially immersed s o  tha t  the  
s t a in l e s s  s t e e l  sc rew does  not contact the solution, 
only chemical  polishing takes  place.  If the mounted 
specimen is totally immersed, a galvanic cell is 
created in which C e C ,  is the  anode and s t a in l e s s  
s t ee l  is the cathode. The  e m f  developed by th i s  

ce l l  provides the necessary  potential for pass i -  
vation of the CeC ,. 

In the  electrolytic method the  CeC,  is anodized 
a t  5 v for 10 sec in equal  parts ace t ic ,  l ac t ic ,  and 
sulfuric ac ids .  l o  

In the protective o i l  method CeC,  is chemically 
polished in acetic-lactic-nitric ac ids  and then 
washed with e thyl  alcohol.  Silicone o i l  is added 
to d isp lace  the  e thyl  alcohol, and a cover  g l a s s  is 
placed on the  C e C ,  specimen. For  two-phase 
specimens containing CeC , and Ce  ,C 3, the pro- 
tective o i l  procedure is followed, but with the  
exception that chemical  polishing is not employed. 

'OT. M. Kegley,  Jr.,  Metals and Ceramics  Div.  Ann.  
Progr. Rept .  June 30, 1966,  ORNL-3970, p. 234. 



39. Rover Rocket Nozzle Materials 
E. A. Franco-Ferreira 

W e  a r e  continuing’ to provide mater ia l s  and fabri- 
cation support to the  AEC-NASA Space  Nuclear 
Propulsion Office on the  Rover Nuclear Rocket 
Program. In general, we provide technica l  l i a i son  
between NASA and i t s  contractors,  and, where nec- 
e s sa ry ,  perform appropriate experimental  s tud ies .  
T h i s  a s s i s t a n c e  h a s  been directed mainly toward 
the  fabrication of nozz les  to b e  used  i n  s t a t i c  re- 
actor t e s t  firings a t  the  Nevada t e s t  s i t e .  

Phoebus  I1 ( a  5000-Mw, 250,000-lb-thrust sys tem 
primarily for reactor development) and NERVA I1 
( a 5000-Mw, 250,000-lb-thrust engine  development 
sys tem ultimately aimed a t  a flight miss ion) .  

T h e  work may be  divided into two broad categories:  
s tud ie s  in direct  support of NASA contractor oper- 
a t ions  and s tud ie s  aimed a t  developing a generalized 
rocket materials technology. Some a s p e c t s  of the  
general experimental program will b e  d i scussed  be- 
low. 

Two types  of nuclear rocket engines  a re  involved: 

i n  order to provide greater strength to  r e s i s t  high 
chamber pressures ,  to bond a relatively heavy re- 
inforcement jacke t  to those  portions of t h e  tubes  
tha t  make up the  outer sur face  of the  nozzle.  A 
schemat ic  diagram of a typical c r o s s  sec t ion  of 
such  a configuration is shown in  F ig .  39.1. 

descr ibed  above, there will b e  a very la rge  temper- 
a ture  difference between the  tube crowns on the  
hot g a s  s i d e  and those  portions of t h e  tubes  bonded 
to each  other and to the  jacket.  T h e  temperature 
differences experienced in normal modes of oper- 
ation are capable  of producing ca lcu la ted  thermal 
s t r a ins  of as much as 2%. Due to t h e  restraint  pro- 
vided by the  jacke t ,  i t  is likely tha t  a s igni f icant  
portion of the  longitudinal thermal s t r a in  will  b e  
converted into mechanical deformation of t h e  tube  
crowns. Thus ,  under conditions of cyc l i c  nozz le  
operation, low-cycle thermal fatigue fa i lures  may be  
induced in  the  tubes. 

A scale-model t e s t  w a s  devised3  to m e a s u r e  the  

It i s  apparent that ,  in a nozz le  of the  type 

e f f ec t s  of a l l  t he  important parameters opera t ive  in  
an  ac tua l  nozzle.  In the  case of thermal-cycling 
s t r e s s e s ,  a s  d i scussed  here,  t he  important con- 

THERMAL FATIGUE TESTING OF NOZZLE 
TUBE CON FIGURATIONS 

D. G. Harman A. E. Carden’ 
E. A. Franco-Ferreira 

T h e  nozz le s  used  with nuclear rockets a r e  typical 
of most regeneratively cooled nozz les .  Tha t  i s ,  t he  
interior sur face  of the  nozz le  which is in  contac t  
with the  hot propellant g a s  is made u p  of a multi- 
plicity of suitably shaped  thin-walled tubes  which 
a re  bonded to each  other. T h e  cryogenic coolant 
p a s s e s  through the  in s ides  of t h e s e  tubes  to  prevent 
them from melting. In many cases i t  is necessary ,  

‘E. A. Franco-Ferreira, Metals a n d  Ceramics Div. Ann 

’Summer participant from the  University of Alabama. 
Progr. Rept. June 30, 1966, ORNL-3970, pp. 236-44. 

s idera t ions  inc lude  (1) the  temperature distribution, 
(2) t he  phys ica l  and mechanical properties of t h e  
nozz le  material, ( 3 )  the  operating environment, (4) 
t he  geometry of the  nozzle e lements ,  and (5) t he  
loading conditions.  

A schemat ic  diagram of the  specimen is shown in 
F ig .  39.2. Each  t e s t  specimen cons i s t ed  of a planar 
array of s i x  thin-walled Has te l loy  X tubes  brazed to 

3A. E. Carden, D. G. Harman, and E. A. Franco- 
Ferreira, “Thermal Fa t igue  Analysis of a Cryogenically 
Cooled Rocket Nozzle,” pp. 102-1-102-12 in Proceedings 
of the southeastern Symposium on Miss i les  and  Aerospace 
Vehicles Sc iences ,  Dec. 5-7, 1966, American Astro- 
nauti  ca t  Society, Hunts vi t t e, A la bama, American Astro- 
nautical  Society, Southeast Section, Huntsville, Ala., 
1966. 
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each  other and to a thick Has te l loy  X basepla te .  
T h e  tubes  were '12 in. in diameter with a 0.012-in. 
wall ,  and the  basepla te  w a s  4 x 10 x '4, in. Both 
ends  of each  tube were plugged. Entry and ex i t  
ports for the  coolant were drilled through the  base- 
p la te  and into the  tubes  near oppos i te  ends  of each  
specimen. Suitable thermocouple instrumentation 
was  added to the  tubes  and basepla te .  

quartz-lamp radiant furnace. I t  w a s  pos i t ioned  
T h e  hea t  source  used  i n  t h e s e  experiments was  a 

ORNL-DWG 66-11586 

TUB E-TO -TU BE BO N D 
TUBE-TO-JACKET BOND 

Fig .  39.1. Typica l  Cross Section of a Cryogeni- 

ca l ly  Cooled Rocket Nozzle.  

(COOLANT INLET PORT 

ORNL-DWG 66-11587 

i - 

parallel  to and approximately >2 in. above t h e  tube 
crowns. T h e  furnace had a lamp a rea  of 8 x 2'i2 in. 
and an  e lec t r ica l  power input t o  t h e  lamps  of 13.2 
kw. T h i s  produced a measured hea t  flux a t  t h e  
specimen sur face  of approximately 700 whn.  '. T h e  
specimen basepla te  was  kept a t  or near  t he  liquid 
nitrogen coolant temperature by bolting i t  to a 
mass ive  copper hea t  sink. Coolant flow w a s  intro- 
duced in to  t h e  tubes  through a copper manifold. 

A t e s t  run for a given specimen w a s  characterized 
by thermally cycling the  tube crowns from liquid- 
nitrogen temperature to  an  e leva ted  temperature and 
back. A number of identical  c y c l e s  were reproduced 
until  t h e  tube failed.  A typical t e s t  thermal cycle,  
as traced by a strip-chart recorder connected to the  
specimen thermocouples, is shown in F ig .  39.3. 
T h i s  particular cyc le  was  for t he  5-min hold time. 

39.1. For  undented tubes,  local c reep  buckling in 
the  form of ripples occurred in  the  tube crowns in  
approximately 15 to 30 cyc le s ,  depending on hold 
time. T h e  ripples s tab i l ized  i n  location but in- 
c r eased  in amplitude as the  cyc l ing  progressed. 
Fa i lure  was  always assoc ia ted  with a ripple and 
normally occurred i n  a valley rather than on a peak. 
Fa i lure  was  defined as a crack through the  tube wall 
capable  of pas s ing  liquid nitrogen. 

typical failure is shown in F ig .  39.4. T h i s  failure 

T h e  resu l t s  of all the  t e s t s  a r e  de ta i led  in  Tab le  

A t ransverse  sec t ion  of a tube crown through a 

ORNL-DWG 66-1!585 

2ooo L X  -7, 
1800 - - ~  

T U B E  CROWN 
4 600 I 

BASE P L A T v t - * Q i k  
0 I -= ' I \  

-200 / 
0 

TIME (rnin) 
Fig.  39.2. Thermal Cyc le  T e s t  Specimen. Base- 

plate i s  about 4 in. wide, 10 in. long,  and % in. thick. 

Coolant tubes are '/-in. 2 diarn with 0.012-in. ~ 0 1 1 .  
F ig .  39.3. Typica l  T e s t  Cyc le  Showing Tube- 

Crown and Baseplate Temperatures. 
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Table 39.1. Thermal Cycle Dataa 

Number of Thermal Cycles to Failure Maximum Hold Time at  
Specimen Temperature Temperature Tube Condition First Visible First Visible Crack Through 

(OF) (min) Wrinkling Crack Wall 

x-1 1800 5 Smooth 14 

x-2 1800 0.25 Smooth 30 

x-3 1900 5 Smooth 11 

20-mil dentb 

20-mil dentb 

x-4 

x-5 

1800 5 

1600 5 

Smooth 

Small sharp 
dent' 

Medium deep 
dent' 

Large shallow 
dentC 

20-mil dentb 

20-mil dentb 

20-mil dentb 
b 10-mil dent 

b 5-mil dent 

Smooth 

20-mil dentb 
b 20-mil dent 

14 

15 

41 

70 

32 

18 

21 

49 

25 

39 

56 

19 

22 

25 

25 

d 

75 

23 

25 

50 

80 

42 

22 

26 

57 

33 

49 

d 

2 8  

30 

33 

35 

d 

79 

35 

38 

aTube crown heating time from - 200°F, the common minimum temperature, to maximum temperature was approxi- 

bDepth of controlled dent made in  top of tube crown with a y4 -in.-diam indenter. 
'Description of dent in as-received specimen. 
d ~ o  failure. 

mately 5 sec each cycle. 

- .  

. ... 

Fig. 39.4. Cross Section of a 42-Cycle Failure Crack in a Smooth Tube from Specimen X-3. 1 0 0 ~ .  A s  pol ished.  

* 
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Fig. 39.5. Thermal  Cyc le  Data  for Haste l loy  X 
Thin-Wall Tube Bundles Cyc led  Between -2OOOF 
and 1600, 1800, and 190OOF. Haste l loy  N con- 

straint curves ore shown for comparison. Fa i lu re  

is defined a s  a crack through o tube w a l l  capable 

of passing liquid nitrogen. 

occurred i n  42  cyc le s  in a smooth tube  i n  specimen 
X-3. Note that th i s  i s  an  intergranular tens ion  
failure,  indicating that i t  occurred while t he  tube 
w a s  cool ing  down from peak temperature and in the  
temperature range 1200 to 1500°F. 

to ex i s t ing  fatigue da ta .  Appropriate i n f ~ r m a t i o n , ~  
obtained by thermal cyc le  t e s t ing  of tubular spec i -  
mens, w a s  available for a similar alloy, Has te l loy  
N. T h i s  was  used for correlations with our t e s t  re- 
su l t s .  

posed on a family of thermal fatigue curves  for 
Has te l loy  N, plotted for three different constraint  
factors: F = 1 ,  1.2,  and 1.5. 
39.5. T h e  da ta  for t he  15-sec hold t ime and the  
F = 1 curve correlate quite well. T h e  da ta  for t he  
longer hold time of 5 min indica te  tha t  t h e  effective 
constraint  factor h a s  been increased  to near  F = 

1.2. We feel that t h i s  is due  primarily to  s t r e s s  
relaxation of the  tube crowns, which c a n  occur 
under the  conditions of time and temperature studied. 
T h e  resu l t s  for the  dented tubes  show constraint  
fac tors  in the  vicinity of F = 1 .5 ,  due  to the  strain- 
concentrating e f fec ts  of the  dents.  

We tried to relate t he  da t a  obtained in t h e s e  t e s t s  

T h e  da ta  generated by t h e s e  t e s t s  were superim- 

T h i s  is shown in F ig .  

4A.  E. Carden, ‘‘Thermal Fatigue of a Nickel-Base 
Alloy,” J. Basic  Eng .  87, 237-44 (1965). 

RADIATION DAMAGE TO BRAZING ALLOYS 

W. R. Martin E. E. Bloom 

T h e  coolant t ubes  in a nuclear rocket a r e  brazed 
in p l ace  with precious-metal-base brazing alloys.  
T h e  braze  jo in ts  must b e  ab le  to withstand struc- 
tural l oads  in the  presence of a high neutron flux. 
Thus ,  there  is an interest  i n  the  e f f ec t s  of radiation 
damage on t h e s e  brazing alloys.  A modest program 
was  conducted to study th i s  problem. 

Miller-Peaslee spec imens  were made of Hastelloy- 
X b a s e  metal  and brazed with three  different brazing 
a l loys .  T h e  specimen was  des igned  to  load the  
braze  joint  i n  shear,  and shear-stress-strain da ta  
were generated. T h e  three brazing a l loys  studied 
were Nioro (Au-18% Ni) , Paln i ro  7 (Au-8% Pd-22% 
Ni) , and Nicoro 80 (Au-16.5% Cu-2% Ni). 

One specimen of each  brazing alloy was  tes ted  in  
the  unirradiated condition a t  liquid-nitrogen, room, 
and 400° C t e s t ing  temperatures. T h e  irradiated 
specimens were a l l  irradiated a t  a temperature of 
5OoC to a dose  of 9 x 1 O I 9  neutrons/cm2 thermal 
and 5 x 1OI8 neutrons/cm2 fa s t  ( > 2 . 9  Mev). T h e  
irradiated spec imens  of each  brazing alloy were then 
t e s t ed  at the  same three temperatures. 

T h e  da ta  were analyzed by comparing the  s t ress -  
s t ra in  curves  generated during t h e  t e s t s .  T h e  a reas  
under those  curves  a re  proportional t o  t h e  to ta l  en- 
ergy absorbed to fracture the  spec imens .  

with Nioro a re  shown i n  F ig .  39.6.  Curves a re  
shown for both irradiated and unirradiated spec i -  
mens a t  all three tes t ing  temperatures. Radiation 
damage c a n  b e  s e e n  a t  all  t e s t  temperatures,  as 
evidenced by the  greatly reduced a r e a s  under the  
three curves  for t he  irradiated spec imens .  

Similar behavior is shown in F ig .  39.7 for Pa ln i ro  
7. T h e  s t rengths  and duc t i l i t i es  of the  unirradiated 
specimens are comparable to those  for the  Nioro, 
although there may b e  a slight b i a s  toward l e s s  
strength and greater ductility for the  Pa ln i ro  7. 
The re  is n o  question that damage i s  evident i n  t h e  
4OOOC and room-temperature t e s t s .  However, i n  the  
liquid-nitrogen t e s t ,  only a s l igh t  strengthening and 
slight loss in ductility were shown. 

T h e  curves  for Nicoro 80 are  shown in F ig .  39.8. 
T h e  4OOOC t e s t s  show a relatively la rge  amount of 
damage, while t he  room- and liquid-nitrogen- 
temperature t e s t s  show l i t t l e  i f  any damage. Although 
t h i s  may appear to b e  the  most radiation res i s tan t  of 
the  three  brazing a l loys  tes ted ,  the  mechanical 
properties of th i s  alloy a re  inferior t o  those  of t h e  

T h e  s t ress -s t ra in  curves  for t he  specimens brazed 

. 
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F ig .  39.6. Stress-Strain Curves for Jo in ts  Brazed 

w i th  Nioro. Curves ore i den t i f i ed  by specimen ser- 

i a l  number, t es t i ng  temperature, and whether irrad- 

ia ted (I) or un i r rad iated (U). 
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Fig. 39.7. 
wi th  Paln i ra  7. Curves are i den t i f i ed  by specimen 

ser ia l  number, t es t i ng  temperature, and whether 

i r rad iated (I) or un i r rad iated (U). 

Stress-Strain Curves for Jo in ts  Brazed 
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Fig. 39.8. Stress-Strain Curves for Jo in t s  Brazed 

w i th  N ico ro  80. Curves are i d e n t i f i e d  by specimen 
ser ia l  number, t es t i ng  temperature, and whether 

i r rad iated (I) or un i r rad iated (U). 

other two throughout the entire range of t e s t  
variables.  

of the  three  brazing alloys,  as a l l  spec imens  were 
supplied in the brazed form by Aerojet General 
Corporation. I t  is likely, though, tha t  t he  damage 
is a resu l t  of the  transmutation of ‘OB to  helium by 
a thermal-neutron (n, a)  reaction rather than by the  
transmutation of the  gold in the brazing a l loys  into 
mercury. T h i s  statement is based  primarily on the  
great similarity of the behavior s e e n  here  to tha t  
reported by Martin and Slaughter. 

No da ta  a re  available regarding the  boron conten ts  

EL EVAT ED-TEMP ERATU RE T ESTlNG OF 
TUBING MATERIAL 

D. G. Harman 

A s  t he  performance of the nuclear rocket is up- 
graded, the  nozz le  coolant tubes  will  have  to oper- 

’W. R.  Mar t i n  and G. M. Slaughter, “ I r rad ia t i on  Em- 
b r i t t l emen t  of Welds and Brazes  a t  E l e v a t e d  Tempera- 
tures,’’ Welding J. (N. Y.) 45(9), 385-s-391-s (September 
1966) . 

c 

’ 



Table 39.2. Short-Time Tensile Properties o f  0.012-in. -Thick Allvac 625 Sheet 
(Heat 5940) and Hostelloy X Sheet (Heat 261-5-4002) 

Property 

Value of Property a t  

Room 
Temperature 1200°F 1400°F 1600°F 1800'F 2000OF 

As received, a t  0.05 min-' 

0.2% yield strength, p s i  
Upper yield strength, p s i  
Lower yield strength, p s i  
Ultimate tens i le  strength, p s i  
Uniform elongation, % 
Tota l  elongation, % 

Braze cycle treated, a t  0.05 min-' 

0.2% yield strength, p s i  
Upper yield strength, p s i  
Lower yield strength, p s i  
Ultimate tens i le  strength, p s i  
Uniform elongation, % 
Tota l  elongation, % 

Braze cycle treated, a t  0.005 min-' 

0.2% yield strength, p s i  
Upper yield strength, p s i  
Lower yield strength, p s i  
Ultimate tens i le  strength, p s i  
Uniform elongation, % 
Tota l  elongation, 7% 

A s  received, a t  0.05 min-' 

0.2% yield strength, p s i  
Ultimate tens i le  strength, p s i  
Uniform elongation, 70 
Tota l  elongation, % 

Braze cycle treated, a t  0.05 min-' 

0.2% yield strength, p s i  
Ultimate tens i le  strength, p s i  
Uniform elongation, % 
Tota l  elongation, % 

Braze cycle treated, at 0.005 min-' 

0.2% yield strength, p s i  
Ultimate tens i le  strength, p s i  
Uniform elongation, 70 
Tota l  elongation, % 

Allvac 625 

53,530 34,280 35,790 
33,080 20,750 8,330 
30,370 17,830 7,520 

117,290 66,160 59,250 33,080 20,750 8,330 
58.8 22.3 21.7 5.6 1.5 7.1 
58.8 25.9 53.3 58.2 19.0 22.9 

53,530 35,190 

118,190 90,220 
63.9 59.8 
64.1 59.8 

33,980 

71,580 
35.5 
41.5 

Hastelloy X 

78,200 49,620 
11 5,790 78,190 
35.3 36.5 
38.2 38.6 

51,430 39,400 
112,780 80,300 
38.1 35.7 
35.3 43.0 

40,900 

70,070 
23.9 
53.8 

33,980 

55,340 
21.0 
45.9 

31,880 

39,100 
4.6 
40.7 

43,000 
52,330 
11.0 
46.5 

38,500 
52,930 
11.0 

55.8 

34,590 
40,000 

4.9 
60.5 

29,770 

27,070 
30,070 
5.3 
35.7 

20,450 
16,840 
20,450 
2.2 
33.4 

30,980 
31,580 
4.6 
39.3 

27,370 
29,320 
3.2 
65.0 

18,050 
19,550 
2.8 
46.5 

22,650 
18,650 
22,650 

2.0 
23.0 

11,730 

12,330 
2.0 
25.3 

18,650 
19,850 
4.0 
42.3 

17,380 
18,590 
3.0 
41.0 

10,830 
11,940 

5.8 
31.5 

8,720 
8,270 
8,720 
2.3 
30.0 

5,050 
4,540 
5,170 
4.2 
22.0 

9,380 
10,070 
3.5 
40.0 

9,770 
10,380 
4.2 
47.9 

5,260 
6,230 
4.2 
27.4 

8 
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a t e  a t  ever-increasing tube-crown temperatures. 
Thus ,  there i s  an interest  in the  abil i ty of candidate 
tubing materials to retain useful mechanical 
properties to a temperature as high a s  2000'F. 
Elevated-temperature tens i le  t e s t s  were conducted 
on two promising candidate materials,  Hastelloy X 
and Allvac 625, in the  temperature range from 1200 
to 2000OF. 

T e s t i n g  was  done in  an Instron t e s t ing  machine 
us ing  cons tan t  cross-head s p e e d s  corresponding to 
s t ra in  r a t e s  of 0 .05  and 0.005 min-' a t  room tem- 
perature, 1200, 1400, 1600, 1800, and 2000OF. T h e  
specimen ax i s  was  parallel  t o  t he  roll ing direction 
of t he  0.012-in.-thick shee t .  Each specimen was  
given the  standard three-stage braze  cycle.  In ad- 
dition, as-received shee t  w a s  t e s t ed  a t  the  s a m e  
temperatures a t  a strain rate of 0.05 min-'. 

For Allvac 625, an upper and a lower yield s t r e s s  
a re  reported a t  the  higher temperatures because of 
the  unusual  shape  of t he  s t ress -s t ra in  curve for t h i s  
alloy. T h e  ultimate tens i le  strength i s  taken as  the  
maximum in the  curve and quite often co inc ides  with 
the  upper y ie ld  s t r e s s .  T h e  uniform elongation i s  
taken as  the  p las t ic  strain beyond which no inc rease  
in load occurs .  

T h e  da ta  show that the  two a l loys  a re  very similar 
in t ens i l e  properties over the  temperature range in- 
vestigated.  Allvac 625 h a s  some advantage  in  yield 
strength up to about 1800OF but h a s  a lower yield 
strength a t  2000OF than d o e s  Has te l loy  X. T h e  
ultimate tens i le  strengths a re  about t he  same for 
t h e s e  two a l loys  in the  1400 to 1800'F region: Be- 
low t h i s  range Allvac 625 h a s  an  advantage in ulti- 
mate t ens i l e  strength, and above i t  Has te l loy  X is 
stronger. Hastelloy X h a s  sl ightly better ducti l i ty,  
espec ia l ly  a t  t he  higher temperatures.  Both a l loys  
a re  sa t i s fac tory  in t h i s  regard. 

T h e  t ens i l e  strength da ta  a re  l i s t ed  in Tab le  39.2. 

EFFECTS OF SPACE ENVIRONMENT ON 
NERVA MATERIALS 

R. E. Claus ing  

A committee composed of representa t ives  of Aeroje 
General Corporation, Westinghouse Astronuclear 
Laboratory, NASA Space Nuclear Propuls ion  Office 
a t  Cleveland, Oak Ridge National Laboratory,  and 
Thompson-Ramo-Wooldrige h a s  been reviewing the  

poss ib l e  e f f ec t s  of the  s p a c e  environment on t h e  
material  and components to be  u s e d  i n  NERVA. 
T h e  goal of the  committee is to define the  poss ib l e  
problem areas and to es tab l i sh  su i t ab le  means  of 
a s su r ing  the  satisfactory operation of materials and 
components in space .  

T h e  committee h a s  recognized the  tendency of 
atomically c lean  sur faces  to adhere strongly to  e a c h  
other as o n e  of the  most important phenomena to b e  
considered. Because  adherence i tself  and i t s  
relationship to friction a re  only beginning to  b e  
understood, t he  committee decided to support  a 
bas i c  experimental program to better define the  im-  
portance of various environmental parameters  and 
lay  the  groundwork for future mater ia l s  and compo- 
nent tes t ing .  

subcontract with the  Syracuse University Research 
Corporation. Dr. R. G. Aldrich is t h e  principal 
investigator,  and the  contract  i s  be ing  monitored by 
R. E .  Claus ing  of the  ORNL Metals and Ceramics  
Division. T h e  init ial  emphasis  is on the  influence 
of controlled sur face  contamination from gaseous  
environments upon the adhesion of various types  
of graphite to themselves and to o ther  materials.  
T h e  adherence of type 440C s t a i n l e s s  s t e e l  to i tself  
and to other materials i s  also being determined. 
Next yea r  the  program will b e  expanded to include 
additional combinations of materials.  

by D. V. Keller of Syracuse University.6 T h e  ex- 
periment is based  upon (1) s ta r t ing  with su r faces  
tha t  a r e  init ially atomically c lean ,  (2) measuring 
the  adherence ,  (3) exposing the  su r faces  to known 
gaseous  contamination, and (4) measuring changes  
in  adherence  as contamination proceeds.  T h e  g a s e s  
presently being used  a re  oxygen and hydrogen. 
Hydrogen will b e  a naturally occurring contaminant 
i n  the  NERVA sys tem and oxygen could  b e  suppl ied  
in  some  circumstances.  

T h e  experimental program is well  begun; however, 
t he  in i t ia l  da t a  on PO3  graphite v s  P O 3  graphite is 
not sufficiently complete to allow def in i te  r e su l t s  
to b e  reported. 

T h i s  program is being conducted through an ORNL 

T h e  experiment is based  on a technique  developed 

bt 

6K. I .  Johnson and D. V. Keller, "The  Effect of Con- 
tamination on the Adhesion of Metallic Couples in 
Ultrahigh Vacuum," J. Appl .  Phys. 38, 1896-904 (March 
1967) .  
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40. Thermonuclear 

R. E. Claus ing  W. J. 

Both applied research  and engineering a s s i s t -  
ance  have  been supplied for t he  Controlled Thermo- 
nuclear Program. T h e  dec is ion  to  u s e  supercon- 
ducting magnets h a s  made the  des ign  of components 
for u s e  a t  liquid-helium temperatures necessary .  
A brief summary of the  resu l t s  of a weldability 
study for the  5083 aluminum alloy i s  given as  a 
typical example of the  engineering a s s i s t a n c e  
provided. T h e  desorption of g a s e s  by electron 
bombardment i s  of in te res t  because of t h e  import- 
ance  of adsorbed g a s e s  in  determining t h e  vacuum 
conditions in  many experimental thermonuclear 
devices .  

ENGINEERING AND DESIGN 

W. J. Leonard 

A number of small engineering and development 
projects were conducted t h i s  year: t hese  included 
the  cas t ing  of OFHC copper around a graphite 
s leeve  for t he  so-called “burnout” experiments;  
the  controlled sur face  hydriding of titanium and 
zirconium for u s e  in proton sources ;  the poss ib l e  
u s e  of electron-beam-heated titanium sublimators 
t o  rep lace  resistance-heated sublimators in  vacuum 
pumping applications;  the  preparation of braze  
welding spec i f ica t ions  for copper,  copper-nickel, 
and aus ten i t ic  s t a i n l e s s  s t e e l  and qualification of 
operators for t h i s  work; and the development of 
procedures for welding 5083 aluminum alloy. T h e  
latter project is briefly descr ibed  as typica l  of t he  
kind of engineering a s s i s t a n c e  provided. 

T h e  DCX-3 IMP (Injection Microwave Plasma) 
experiment will u s e  superconducting coils for 
generating t h e  magnetic f ie lds  necessary  for con- 
tainment of t h e  energe t ic  par t ic les  used  in  t h i s  
experiment. The  inner liner where reac t ions  occur 
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and are  contained will b e  surrounded by a liquid- 
helium system which conta ins  the  magnet co i l s .  
The  material  for t h i s  liquid-helium containment 
and l iner is a non-heat-treatable aluminum alloy, 
5083. Data  on th i s  alloy ind ica te  tha t  i t  should 
support the  mechanical s t r e s s e s  result ing from the  
magnetic f ie lds ,  and that t he  other phys ica l  and 
mechanical properties of t h i s  alloy a t  4.2’K a re  
qui te  su i t ab le  for t h i s  application. Many weld 
jo in ts  occur in the  des ign ,  but no local plant weld- 
ing spec i f ica t ions  had ex i s t ed  for t h i s  material. 

A welding development program w a s  init iated 
to  screen  candida te  weld filler metals.  T h e  b a s e s  
for s e l ec t ion  a re  (1) good weldabili ty and (2) 
production of welds  whose mechanical and physi- 
c a l  properties c lose ly  match those  of the b a s e  
metal  a t  liquid-helium temperatures. Figure 40.1 
shows a joint welded with ER-5183 filler metal. 
T h i s  material  more c lose ly  sa t i s f i ed  the above 
criteria than t h e  o thers  tes ted .  Further s tud ie s  
a re  needed, but we fee l  that  a satisfactory weld- 
ing procedure c a n  b e  prepared for t h i s  equipment. 

DESORPTION OF GASES FROM METALLIC 
SURFACES BY ELECTRON BOMBARDMENT 

R. E. Clausing 

T h e  desorption of g a s  from t h e  sur faces  of 
vacuum sys t ems  is often the  controlling factor in 
determining t h e  pressure in the  system. It h a s  
been shown that e lec t rons  per se (apart from 
thermal effects) can  c a u s e  the  desorption of la rge  
quantit ies of gases from such  surfaces.  T h i s  
phenomenon c a n  b e  very detrimental t o  the  per- 
formance of sys tems when electron or plasma 
bombardment of sur faces  occurs. On t h e  other 
hand, t h i s  phenomenon may be used ,  in some 
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Fig. 40.1. Aluminum Al loy  Plate  TIG Weldment Using ER-5183 F i l l e r  Metal.  3x. 

s i tua t ions ,  t o  deple te  the g a s e s  from vacuum ves- 
sels prior t o  normal operation. T h e  desorption of 
g a s e s  by electron bombardment may also b e  used  
as an  analytical  method to  follow changes in sur- 
face conditions,  s i n c e  the  yield and kind of g a s  
desorbed are  quite s ens i t i ve  to  change in sur face  
c leanl iness .  

Several preliminary experiments were conducted 
t o  explore the application of electron bombard- 
ment t o  vacuum technology, '  and additional ex- 
periments a re  in progress. T h e  r e l ease  of g a s e s  
from t h e  su r faces  of engineering materials,  s u c h  
as s t a i n l e s s  s t e e l ,  by electron impact appears  to 
be  very complex. It involves the  decomposition 
of adsorbed hydrocarbons, t h e  desorption of physi- 
ca l ly  and chemically adsorbed g a s e s  and water, 
the  decomposition of the  sur face  oxide,  t he  dif- 
fusion of g a s e s  and carbon to  the  surface,  and 
probably even  other phenomena. 

Because  of the complexity of engineering s y s -  
tems, t he  main emphasis  during the  pas t  year h a s  
been to measure desorption in a simple well- 
defined sys tem.  T h e  desorption of hydrogkn, 
deuterium, and carbon monoxide from tungsten was  
chosen  in the  hope that t he  various p rocesses  of 

' R .  E. Clausing, Exploratory Experiments Concern- 
ing the Desorption of Gases  by Bombardment with 
Electrons,  ORNL-TM-1166 (November 1965). 

desorption could b e  i so la ted  and studied inde- 
pendent 1 y . 

experimental apparatus.  Both a narrow collimated 
electron beam and an  uncollimated electron source  
a re  incorporated in the  design. T h e  ta rge t  is lo- 
ca ted  immediately adjacent to the  ion source  of a 
General Elec t r ic  model 22PC110 mass spectrom- 
e te r  so as to g ive  t h e  maximum sens i t iv i ty  t o  
g a s e s  and ions  desorbed from the  target.  Both 
electron sources  have been used, but only d a t a  
from the  uncollimated source  are given here,  s i n c e  
i t s  interpretation i s  more straightforward. T h e  
electron source  is b iased  posit ive with r e spec t  to 
all i t s  surroundings except the target.  When the  
target is pulsed to  a voltage more pos i t ive  than  
the  source ,  e lec t rons  are drawn to it from t h e  
source.  Thei r  energy i s  determined by the  differ- 
ence  between the  source  and target potentials,  and 
the  current is determined by the filament tempera- 
ture. All secondary  and reflected e lec t rons  from 
the  target return to  i t  because  of t h e  e lec t r ic  
f ie lds ;  hence ,  t h e  da t a  include desorption by a l l  
three classes of electrons.  

Control of secondary  and reflected e lec t rons  is 
more difficult  when t h e  electron beam is used ,  and 
la rge  spur ious  s igna l s  can  a r i s e  when t h e s e  elec- 
trons s t r ike  su r faces  other t han  the  target.  Be- 
c a u s e  the  use  of a collimated beam c a n  give much 

Figure  40.2 is a schemat ic  diagram of the  present 
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Fig. 40.2. Schematic Diagram of Apparotus for 

Studying Desorption of Gases from Tungsten by Electron 

Bombardment. 

better information concerning some ef fec ts ,  s u c h  
as the  importance of t he  angle of incidence,  i t s  
u s e  will b e  continued and i t s  operation improved. 

Figure 40.3 shows some typical r e su l t s  for t h e  
desorption of hydrogen from a tungsten surface.  
The  ratio of t he  number of g a s  molecules produced 
by the bombardment to  the  number of e lec t rons  
striking the  ta rge t  i s  plotted as  a function of t h e  
energy of the  primary electrons.  

T h e  resu l t s  obtained for deuterium a t  room tem- 
perature are similar t o  those  shown for hydrogen. 
Preliminary resu l t s  ind ica te  that the  y ie lds  of 
carbon monoxide from a room-temperature target 
a re  much greater (i.e., approximately lo-* 
molecule per incident 1000-ev electron). 

changes in experimental parameters or specimen 
preparation may sh i f t  t h e s e  yield va lues  by a fac- 
tor of 2 in  either direction. It is s t i l l  too ear ly  t o  
apply t h e s e  resu l t s  t o  a d i scuss ion  of the  mecha- 
nisms of desorption. 

The  above resu l t s  a re  given as typical;  however, 
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Fig. 40.3. Desorption of Hydrogen from Tungsten 

by Electron Impact. 

Future  experiments will include additional d a t a  
on the  three g a s e s  mentioned above, with atten- 
t ion t o  elevated-temperature resu l t s  ( s ince  one  c a n  
see the  e f fec t  on different adsorbed s t a t e s  e a s i l y  
in t h i s  manner), and will b e  extended to oxygen 
a l so .  An attempt will  b e  made to  interpret t h e s e  
resu l t s  in terms of the mechanisms involved. T h e  
secondary e lec t ron  production will b e  character-  
ized, and  the  e f fec ts  of t h e s e  secondary e lec t rons  
on the  to t a l  yield will  b e  determined; or,  al terna- 
t ively,  the  effect  of secondary e lec t rons  will  be  
eliminated by an appropriate experimental des ign  
so that  t he  yield of g a s  f rom the primary beam 
alone may be  studied. 
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